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This research examines the prototyping of a Marnoch Heat Engine (MHE) and 
conducts thermodynamic and heat transfer analyses of this heat engine with a waste heat 
recovery system. The heat source for the MHE can be low grade heat (about 365 K). 
During cold seasons an ambient temperature can be adequate for the heat sink to operate 
the heat engine. When the ambient temperature is high, the system can be connected to a 
dry cooler to achieve higher efficiency levels. A water/glycol mixture transfers heat from 
the heat source into the hot heat exchangers and removes the heat from the cold heat 
exchangers. Compressed dry air is used as the working fluid in the heat engine. 
This thesis develops prototyping of the MHE with two different mechanical 
configurations of the transmission system. Furthermore, thermodynamic analysis is 
carried out to calculate the heat engine power output, as well as energy and exergy 
efficiencies under various operational conditions. A heat transfer model is developed to 
predict the transient temperature behaviours of the heat exchangers for different flow 
regimes and temperatures. The results from the model are validated against the available 
data in the open literature and then compared with experimental results from the present 
MHE prototype. The average difference between the heat transfer model and the 
measured data from the MHE prototype is about 10 K. Life cycle assessment is applied to 
identify CO2 emissions of the MHE during the manufacturing and maintenance 
processes. The heat source and heat sink temperatures for this case study are assumed to 
be 281 K and 370 K, respectively. In a developed case study, it is found that the amount 
of CO2 released as a result of manufacturing and maintenance of the system is about 52 g 
CO2-quivalent per kWh.  
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Results from the exergoeconomic analysis are used to determine the required 
changes in MHE design parameters for the purpose of improving the cost effectiveness of 
the overall system. Energy and exergy efficiencies of the MHE are evaluated under 
various operating conditions. It is shown that the maximum exergy efficiency of the 
MHE reaches, at most, 18% of the Carnot efficiency. The maximum value of the 
exergoeconomic factor is found to be 0.45, and that the heat exchangers are the major 
sources of exergy destruction within the system. To improve the system performance, the 
major sources of heat and mechanical losses are identified and addressed. This research 
proposes four new heat exchanger designs that can be applied to future designs of the 
MHE units. The strength of the effect of each proposed design on the system 
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Chapter 1 : INTRODUCTION 
1.1 Importance of Sustainable Energy 
Greenhouse gas emissions are a global concern. In the coming years, this has the 
potential to be a major problem for the environment and our quality of life. A significant 
source of CO2 emissions is from conventional power generation sources such as coal, 
natural gas and oil. It is predicted that the world energy demand will double by the year 
2050 (Dincer and Rosen, 2005). In Canada, the net domestic energy consumption 
between 1973 - 1993 had an increase of 35% (Dincer and Dost, 1996). Ermis et al. (2007) 
reported that by the year 2050, renewable energy and natural gas consumption will 
significantly increase. Figure 1.1 shows the shares of energy production from different 
sources from 1985 - 2015. This figure indicates that after 2010 the share of oil has 
decreased and the share of renewable energy sources has stayed almost constant. 
Cleaner power generation capacity needs to increase as global warming is a major 
issue in energy production processes. The increases in the level of GHG emissions and 
fuel prices have encouraged societies to utilize various sources of renewable energy 
(Muthusivagami et al., 2010). However, the capacity factors of some of these renewable 
energy sources are relatively small. Currently, renewable energy sources are one of the 
most promising ways to address the above mentioned problems. In the area of power 
generation, numerous researchers have conducted studies using clean energy rather than 
conventional sources. The European Union aimed to increase the share of renewable 
energy utilization to 21% by 2010 (Zhou and Tamas, 2010). The most common 
renewable energy systems are hydroelectric, solar, wind turbines, tidal turbines, and 
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geothermal heat sources. Most of the renewable energy resources do not directly emit 
pollutants to the environment during their operation period. However, greenhouse gases 
and other types of waste are created during their manufacturing, maintenance, and 
disposal processes. 
 
Figure 1.1: Shares of energy sources in world [modified from Khatib (2012)].  
Energy consumption reduction generally results in a reduction of the GHG 
emissions and other related environmental pollutants (Kanoglu et al., 2008). In Canada, 
the GHG emission factor has a significant variation among different provinces. As Table 













































Figure 1.2: Ontario renewable energy capacity targets and investment [modified from Holburn 
(2010)]. 
Table 1.1: GHG emission factor for provinces in Canada. 
Province GHG Emission Factor (kg/MWh) 
Newfoundland and Labrador 843 
Prince Edward Island  845 
Nova Scotia 876 
New Brunswick  795 
Quebec  2 




British Columbia 376 


































Figure 1.2 shows the production capacity of the renewable energies in Ontario 
between 2004 - 2010. The statistics indicate that by the end of 2007, the renewable 
energy capacity reached 35% of the government’s first target. The collected information 
by Holburn (2012) shows that by 2010, the renewable energy capacity had not met the 
2007 target. At the end of 2010 the capacity of the installed equipment to use renewable 
energy sources was less than 50% of the government’s 2010 target. 
The statistics show that the world energy demand is significantly increasing. 
There are several methods to generate power to fulfill energy demand. Application of 
conventional sources, such as coal and oil, releases GHG. Thus, producing energy from 
renewable sources can reduce the overall GHG emissions to the environment. Another 
way to decrease the level of emissions is to increase the overall efficiency of power 
generating systems (i.e., power plant efficiency). 
1.2   Motivation  
Heat engines are devices that convert internal energy to mechanical work. One of 
the challenges of producing electricity with existing heat engines, working over low 
temperature differentials, is their low power production capacity. Most of the heat 
engines that operate with low temperature differentials cannot generate power on 
industrial scales. The Marnoch Heat Engine (MHE) is capable of producing electricity 
from low temperature differentials (below 100 K). This heat engine does not emit GHGs 
during its operation period and it utilizes available waste heat as the heat source. It can 




Another advantage of the MHE that makes it superior over some other types of 
heat engines is the location of the heat source and heat sink. These can be located away 
from the piston assembly, whereas in most of the heat engines the piston and cylinder 
have to be attached to the heat source and heat sink. This gives a unique flexibility to this 
type of heat engine to utilize heat from various heat sources.  
For the purpose of this PhD thesis, an MHE prototype is designed and built in the 
Clean Energy Research Laboratory (CERL) at UOIT; in this thesis, the structure and 
components of the new MHE prototype are discussed in detail;  new thermodynamic and 
heat transfer models are developed to model the MHE performance under various 
operational conditions; the predictions are validated against the measured data from the 
MHE prototype; major sources of energy loss that reduce the power output from the 
MHE are distinguished; new designs and modifications are discussed to reduce the losses 
that occur within the components of the system; in a specific case study, the amount of 
CO2 emission per kWh of electricity is estimated; and exergoeconomic analysis is 
performed through a specific case study for a potential application of the MHE as a heat 
recovery system for a cement plant. In the next section, the main objectives of this thesis 
are discussed in detail. 
1.3 Objectives 
The objectives of this PhD research are listed as follows. 
1. To design and build a prototype of the Marnoch Heat Engine (MHE). 
Based on the insights gained from the proof-of-concept device of the MHE, a prototype 
of this heat engine is built for the first time. In order to design a prototype of the MHE, 
the system’s thermal requirements are identified. For instance, the minimum and 
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maximum operational temperatures, pressures and flow rates of the heat source and heat 
sink are investigated. Pipe diameters and thicknesses are distinguished based on the fluid 
flow rates, pressures and temperatures. The required components to build the prototype, 
such as heat exchangers, valves, heaters, dry cooler, flywheel and generator. are selected 
based on operational conditions. In order to assemble the MHE prototype, detailed 
drawings and connection diagrams are prepared. The diagrams developed can be used 
when the system is scaled up.  
2. To perform experiments on the MHE prototype and measure the temperatures and 
pressures of the fluids under various operational conditions. 
The MHE prototype was continuously run and tested several times. Temperature and 
pressure sensors are installed on the prototype to measure the fluid properties. A 
rotameter and digital flow meter measure the liquid flow rates. Uncertainty analyses are 
performed on the experimental results to quantify the potential errors of the measured 
data. 
3. To develop thermodynamic and heat transfer models to determine the system 
characteristics and calculate the heat loss from the shells, the air temperatures inside the 
shells, and energy and exergy efficiencies. 
A thermodynamic model is developed to predict the power output, energy and exergy 
efficiencies of the system under different operational conditions. The energy consumed 
by the engine equipment such as solenoid valves and automated ball valves is taken into 
consideration in order to calculate the net work output from the heat engine. Once the net 
power output is found, the energy and exergy efficiencies of the system are calculated. 
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The performance of the engine is simulated in different ambient conditions to determine 
system efficiencies. 
A transient heat transfer model for the compressed air inside the shells is developed. The 
air flow is an unsteady state unsteady flow (USUF) process. An analytic transient heat 
transfer model is developed to predict the compressed air temperatures inside the shell. 
4. To compare and validate the MHE thermodynamic and heat transfer models with 
the measured data from the MHE. 
The prototype of the MHE is operated in different simulated seasons of the year to 
examine the system’s characteristics under different operating conditions. A transient 
heat transfer model is developed to predict the compressed air temperatures inside the 
shells during the cyclical operation of the MHE. The transient heat transfer model is 
validated against the measured data from the prototype. The theoretical and experimental 
results are in reasonable agreement (70 - 75%); thus, the theoretical model is used for the 
next steps. 
5. To develop a life cycle assessment to identify CO2 emissions of the MHE during 
the manufacturing and maintenance processes. 
A list of equipment to build an MHE with 10 kW power output for a 20 operation period 
is prepared. The CO2-equivalent emitted as a result of manufacturing and maintenance 
processes is calculated. The amount of CO2 emitted per kWh is compared to other power 
generating systems (conventional and renewable energy systems). The results indicate the 




6. To conduct exergoeconomic analysis for the MHE as a heat recovery system. 
The cost of required equipment to build an MHE unit is identified. Capital, operational, 
and maintenance costs, as well as the salvage value of the MHE, are included in the cost 
analysis to estimate the return of investment. The obtained results from the 
thermodynamic and cost analyses are combined to perform an exergoeconomic analysis 
of the system under different operating conditions. The results from the exergoeconomic 
analysis are used to distinguish the components with major effects on the system’s power 
output and cost. It is found that the MHE heat exchangers have the highest share in the 
total capital cost of the heat engine. The MHE heat exchangers also have significant 
effects on the power output from the system. Reducing the charging mode duration 
directly increases the power output from the MHE. Based on the obtained results from 
the exergoeconomic analysis, guidelines for more cost effective use of energy in the 
MHE are provided. One of the major tasks in this section is to distinguish the major 
sources of the energy loss and exergy destruction within the MHE. 
7.  To optimize the MHE heat exchangers, while considering the initial cost of the 
equipment and heat transfer rate between the fluids. 
Double-objective optimization is performed for two different cases to obtain the best 
solutions for the purpose of maximizing the heat transfer rate by considering the effective 
heat transfer surface areas, as well as minimizing the purchasing cost of the heat 
exchangers.  
8. To improve the system components. 
The obtained theoretical and experimental results are used to improve the components of 
the present MHE prototype. New designs for the major components of the next MHE are 
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developed to minimize the energy losses within the system. Three new heat exchanger 
designs are discussed to increase the power output, energy and exergy efficiencies of the 
heat engine. A novel shell design is proposed to increase the effective heat transfer area 
and the heat processed through the heat engine to raise the MHE power output. A new 
transmission system is designed to increase the overall energy and exergy efficiencies of 
the system. The new MHE transmission system is built and tested to verify the feasibility 
of the design. 
Conclusions are drawn from the results of the research. Recommendations are made for 
future research, such as ways to improve the present system, and expanding the 




Chapter 2 : BACKGROUND 
2.1 Renewable Energy Systems and Energy Storage 
Many of the clean renewable sources are limited in terms of their sites and 
reliability. Equally, their power output and efficiency is greatly dependent on the local 
site and in some cases on unpredictable weather conditions (Ozgener et al., 2007; Arsie et 
al., 2009). Furthermore, in many cases the manufacturing of new energy systems, such as 
wind farms and nuclear power plants, is a costly process. Therefore, increasing the power 
output and efficiency of existing energy systems, within reasonable cost, is beneficial to 
society. Application of solar thermal power plants, wind and tidal energy for electric 
power production is discussed below. 
Solar thermal power plants produce low-cost electricity in some locations. Eck et 
al. (2007) conducted a study on the energy cost of solar thermal plants. The study states 
that the levelised electricity costs in a proper site location in Spain is 0.15 $/kWh. The 
payment of 0.29 $/kWh, guaranteed for the first 25 years of operation, marked the 
operation of solar thermal power plants as being profitable for possible investors on the 
Spanish peninsula. 
Wind energy is one of the fast-growing forms of renewable resources worldwide. 
However, it cannot be used in regions with insufficient wind. The price of electricity 
generated from the wind turbines, considering CI and OM costs, changes significantly 
with location (Simsa at al., 2003). Due to uncertainties in lengthy wind power production 
forecasts, trading the electricity produced from wind power with industry encounters 
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difficulties (Tilak et al., 2008). Yan et al. (2010) stated that in the regions where the 
electric power output from wind farms has drastic fluctuations, application of wind power 
for electric power production cannot be an appropriate method. 
Tidal energy is another example of a renewable energy source, which is strongly 
related to location. One of the main advantages of tidal energy over solar and wind 
energy is its predictability (Zahibian and Fung, 2011). Fraenkel (2006) addresses several 
advantages and disadvantages of a tidal energy application.  
There are various ways to reduce the amount of greenhouse gas emissions to the 
environment. Examples of common solutions are listed below: 
 Application of power generation systems with low overall GHG emissions; 
 Increased efficiency of energy systems for power generation; 
 Application of energy recovery systems and combined cycles for existing 
systems; and  
 Capture and storage of the GHG emitted to the environment. 
The main focus of this study is the third method, the advantage of which is that the 
energy recovery system can be combined with an existing power generating system to 
recover excess heat.  
Heat recovery systems can be categorized from various perspectives. In this 
research, they are placed in two groups. One group stores and releases energy when it is 
necessary (see Figure 2.1). The second category of heat recovery systems, converts the 
excess energy to other forms of energy in demand, such as pumped-hydro energy storage. 
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Figure 2.1: Different energy recovery systems. 
Energy can be stored in the form of compressed air with different techniques 
(Loeb, 1988). In the Compressed Air Energy Storage (CAES) method, the excess 
electricity from a wind turbine is used to drive an air compressor to pressurize storage 
facilities such as salt caverns (Linden, 2006). Large scale CAES systems are less 
common. Only two are in existence: Huntorf in Germany (290 MW) and the McIntosh 
plant in the USA (110 MW) (Baker, 2008). Integrating wind power with the CAES 
makes the wind power a reliable energy source (Modern Power Systems, 2003). Paatero 
et al. (2005) identified positive and negative effects of integrated wind turbines with 
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energy storage systems. Jubeh and Najjar (2005) conducted a study on the CAES to show 
this method can increase the overall system efficiency of wind turbines. This type of 
energy storage system has become more attractive for large scale wind farms in the USA 
(Baker, 2008). 
Pumped-Hydro Energy Storage (PHES) is one of the most established methods 
for utility-scaled electricity storage (Farret and Simoes, 2006; Yang and Jackson, 2011). 
In the PHES, the excess energy produced from the power generating system is stored in 
the form of potential energy in the pumped water at higher levels. Many low-carbon 
electric power generators cannot flexibly adjust their power output with power demand. 
Nuclear power plants are an example of this type of energy system (Nanahara and 
Tokymoto, 1994). In this type of energy recovery and storage system, off-peak electricity 
can be stored in the form of potential energy and can be used during peak power 
consumption periods (Qiang et al., 2009). Solar energy and wind power are intermittent 
and their operation cannot completely remain under control (Bourry et al., 2009; 
Kaldellis et al., 2010; Yang and Jackson, 2011). Therefore, the PHES method can be 
useful to maintain balance on the power generating systems where the power output 
cannot be controlled. Many projects have been initiated in the USA, Europe and Japan to 
apply the PHES method (Dean et al., 2010). 
A Rankine cycle is a closed-type power cycle that converts heat into work. Most 
of the electric power in the world is being generated using this thermodynamic cycle. 
Fuels such as coal, natural gas, biomass can be used to provide heat for the working fluid. 
An Organic Rankine Cycle (ORC) uses an organic fluid such as pentane, benzene, or 
toluene in place of water (Lai et al., 2011). The boiling point of the working fluid in the 
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ORC is lower than steam; therefore, there is no need to achieve high temperatures to 
generate vapour. Hence the cycle can operate at lower temperatures of about 365 K (Al-
Sulaiman et al., 2011). Thus, waste heat from industrial facilities can be a heat source to 
run the ORC. The efficiency of the ORC is lower in comparison to steam plants. Since 
the temperature difference between the heat sink and heat source in the ORC is lower. 
Selection of the working fluid also affects the overall efficiency of the system (Schroeder 
and Leslie, 2010; Rayegan and Tao, 2011). However, operation of the ORC can be 
worthwhile because of the lower cost of heat compared to plants that use water and steam 
as the working fluids.  
In some cases the working fluid of the Rankine cycle is composed of more than 
one fluid. When water-ammonia is used as the mixture, the cycle is called the Kalina 
cycle. The concentration of the ammonia in the mixture affects the energy efficiency of 
the system. The ammonia concentration can be regulated based on the heat source and 
heat sink temperatures. Zamfirescu and Dincer (2008) studied the effects of ammonia 
concentration on the energy and exergy efficiencies of a system that uses ammonia-water 
as the working fluid. They indicated that the efficiency of this system can be up to 62% 
of the Carnot efficiency. Wagar et al. (2010) performed a study on a water-ammonia 
Rankine cycle. Their study covered the temperature and concentration ranges of 75 - 350 
K and 0 - 0.5, respectively. The energy efficiency of the cycle varied between 5 - 35%, 
representing up to 65% of the Carnot efficiency. 
Another alternative to reduce the amount of pollution resulting from power plants 
is to increase the efficiency. One such method is to recover waste heat and run heat 
engines to produce electricity. Heat engines receive heat from a heat source and convert a 
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part of this heat to work. Heat engines reject the remaining heat to a low-temperature sink 
and operate on a cycle (Cengel and Boles, 2010). 
2.2 Power Generation by Heat Engines 
Heat engines create mechanical work from temperature differentials. The simplest 
representation of the heat engine is in terms of cycles executed, by a closed system device 
in contact with two temperature reservoirs (Bejan, 2006). They can recover heat from 
other heat sources such as solar systems, geothermal or waste heat from industrial plants. 
Waste heat recovery in industrial processes can help reduce energy consumption and 
lower the GHG emissions. Waste heat can be captured from the combustion exhaust 
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Figure 2.2: Schematic of a heat engine with different heat sources and heat sinks. 
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Figure 2.2 shows a heat engine installed between a heat source and heat sink. 
Different types of heat sources can provide the required temperature differentials for the 
heat engine. For instance, heat can be provided by a solar collector, geothermal sources, 
combustion of biomass, or a heat recovery system installed in an industrial facility. The 
air or water at ambient temperature can be used as the heat sink for most of the heat 
engines.  
High temperature (T > 493 K) heat from geothermal sources can be used for 
commercial production of electricity (Hettiarachchi et al., 2007). Medium temperature 
(493 K > T > 373 K) geothermal power resources can Stirling or Rankine cycle to 
produce electricity (Scarpete et al., 2010; Hettiarachchi et al., 2007). Low temperature 
geothermal heat (below 373 K) can also be used to heat up the facilities or run LTDs. 
Some of the heat engines manufactured to date are able to generate power at 
industrial scales. However, most of the laboratory-scale heat engines have not been 
commercialized, because they do not have a sufficient amount of power output and 
efficiency. A Stirling engine is a type of heat engine that executes the Stirling cycle, 
which was invented by Robert Stirling in 1916 (Parlak et al., 2009). This type of heat 
engine is known for its quiet operation and heat source flexibility. The ability to use 
various heat sources for power generation makes this heat engine attractive as the 
problem of GHG emissions from the conventional fuels rises. In a Stirling engine, 
compressions and expansions are isothermal and heat addition and rejection processes are 
isovolumetric (isochoric). Since their operational cycle is closed, they can operate 
without air supply. This makes them an appropriate choice for power generation in 
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submarines. There have been significant improvements in the mechanical configurations 
of the Stirling engines since they were invented. 




The Alpha Stirling engine has a regenerator and a cold and hot piston in its 
configuration. Cold and hot pistons move uniformly in the same direction and they 
provide constant cooling and heating for the working fluid. In the Beta configuration, one 
displacer and one power piston are installed within the same cylinder. The displacer 
moves the working fluid through the heat source, sink, and regenerator. The Gamma 
configuration has one cylinder for the displacer and another for the power piston. The 
principle of this type of heat engine is similar to heat engines that work with very low 
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Figure 2.3: P-V diagram of three different types of Stirling cycle [modified from Kolin (1986)]. 
18 
 
 A flat plate heat engine is an example of a heat engine that is capable of running 
on low temperature heat sources, even below human body temperature (Kolin, 1986). 
The P-V cycle of the flat plate heat engine is larger than other engine types that execute 
the Stirling cycle. This is because the displacer is pressed on the hot and cold side; thus, 
no dead space remains between the surfaces. Consequently, the executed cycle is closer 
to the isothermal lines (see Figure 2.3). Discontinuous displacer motions result in having 
a larger enclosed area in the P-V diagram. Since the cycle is spread into the constant 
volume lines, the enclosed P-V area of a heat engine with flat plates and discontinuous 
displacer motion can be greater than the other Stirling engines.  
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Chapter 3 : LITERATURE REVIEW 
In the area of power generation, numerous researchers have conducted studies 
using clean energy rather than conventional sources. Combining exergy and cost analysis 
creates a clear picture for engineers to decide on solutions to improve system efficiencies. 
By performing exergy analysis in smaller subsystems, it is possible to distinguish how the 
destruction of exergy distributes over the system (Bejan, 2002). Hence effective solutions 
can be found to improve the performance of the energy systems. 
3.1 Heat Engines 
Cengel and Boles (2010) stated that, in a broader sense, devices that do not 
operate in a thermodynamic cycle can also be called heat engines. Engines that involve 
internal combustion such as gas turbines and car engines fall into this category. These 
types of engines operate in a mechanical cycle but not in a thermodynamic cycle since 
the working fluid does not undergo a complete cycle. In these cycles, the exhaust gas, 
instead of being cooled to the initial temperature, is replaced by a fresh air-fuel mixture. 
Schreiber (1984) tested a single cylinder free-piston Stirling engine with helium 
as the working fluid. The maximum power output and efficiency of this heat engine was 
reported to be 1.5 kW and 33%. The pressure of the working fluid was 7 MPa. The cooler 
temperature during the tests varied between 273.7 K and 298.1 K. The maximum heat 
source temperature for the experiments was 872.5 K.  
Azetsu et al. (1984) manufactured a laboratory scale Stirling engine. The 
temperatures of the heat sink and heat source supplied to the heat exchanger were 280 K 
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and 973 K, respectively. The working gases, tested in the engine, were helium, neon and 
argon at a mean pressure of 2.65 MPa. At low engine speeds, around 500 RPM, the 
power output from the engine in all three cases was almost equal. When the speed 
reached approximately 1,100 RPM, the helium resulted in higher power outputs from the 
heat engine. This laboratory scale Stirling engine produced higher power outputs, 
approximately 11 kW, at lower speeds. 
Minassians (2003) reported that several types of machines had been designed and 
built to convert sunlight into electricity, but most had not produced cost effective 
electricity. Currently, no solar-electric devices have been used to provide base load power 
as they still need expensive technologies. Parabolic dish systems consist of a 5 - 15 m 
diameter dish that tracks the sun and concentrates the sunlight at a single point, where a 
heat engine is located. Individual parabolic dish/Stirling engine units are small. None 
larger than 52.5 kW have been built (Harvey, 2010). 
Abdullah et al. (2005) discussed the design considerations of a double-acting 
Stirling engine operating with a temperature differential of 50 K. This heat engine was 
designed to use a solar heating system integrated with a storage system. The heat source 
temperature in this heat engine was about 342 K and the heat sink temperature was 292 
K. 
Cinar et al. (2005) manufactured a beta-type Stirling engine with a total 192 cc 
swept volume. The maximum power output from the heat engine was 5.98 W at 208 
RPM with a heat source temperature of 1,273 K. The working fluid in this heat engine 
was air, which has a low thermal conductivity relative to that of helium and hydrogen. 
21 
 
Minassians and Sanders (2009) developed a new type of multiphase heat engine. 
This type of heat engine provided an alternative for the single-phase alpha heat engine, to 
utilize solar energy as the heat source. The heat source temperature for this type of heat 
engine lies in the range of 398 - 423 K and the heat sink temperature is about 298 K 
(Minassians et al., 2003).  
Cheng and Yu (2010) stated that the maximum efficiency reported for the Stirling 
solar dish engine was 30%. The previous maximum was 29.4% for a Stirling solar dish at 
the Sandia National Laboratories in 1984 (Theirearth, 2008). Tan et al. (2010) reported a 
maximum efficiency of 0.05% and a maximum power output of 0.01024 W for a 
temperature difference of 70 K from a gamma-type Stirling engine. Kang et al. (2010) 
designed and tested a gamma-type heat engine. They reported a maximum efficiency of 
2.9% at a 849 K heat source temperature. The engine speed and power output at this 
temperature were reported as 412 RPM and 6.47 W, respectively.  
Minassians and Sanders (2011) introduced a new type of Stirling engine using 
solar thermal power to produce electricity. This new heat engine has low-cost materials 
and manufacturing methods. The target concentrator collector temperature range is 
between 393 - 423 K. This temperature range is achievable with optical concentrators, 
with low-concentration ratios and wide angles of radiation acceptance. This Stirling 
engine does not need a sun tracking system. 
 El-Ehwany (2011) performed a study on alpha heat engines. Nitrogen was used as 
the working fluid in the heat engine. The optimum speed predicted for their heat engine 
was 500 RPM. When the speed of the heat engines exceeded 500 RPM, the heat transfer 
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rates were insufficient to run the heat engine. Therefore, the power output from the heat 
engine decreased. 
3.2 Exergy and Exergoeconomics 
To perform a cost analysis on energy conversion devices, the cost per unit of energy 
is conventionally calculated. Exergy is a more reliable consistent measure of economic 
values than energy. Exergy represents the maximum work that can be extracted from a 
system, which brings it to a complete equilibrium with its reference state (Sciubba and 
Ulgiati, 2005; Kotas, 1995). Exergy is not conserved; it is destroyed by irreversibilities. 
Exergy also identifies the environmental and economic benefits of different energy 
technologies (Haseli et al., 2008). Therefore, cost accounting, based on exergy, generates 
clear results to measure and optimize the performance of the complex energy conversion 
systems (Kim et al., 1998; Rosen and Dincer, 2003; Cardona and Piacentio, 2006). 
Exergoeconomics is a technique that started in the 1960s (Sciubba, 2005). 
Exergoeconomic analysis, which combines thermodynamics with economic disciplines, 
has been increasingly used to analyse, design and optimize energy systems (Bakan et al., 
2008; Kwon et al., 2001; Ozgener et al., 2007). Exergoeconomic analysis plays an 
important role in developing strategies and providing guidelines for more effective use of 
energy in existing power generating systems (Ozgener and Hepbasli, 2005; Balli et al., 
2008; Ahmadi and Dincer, 2010). 
Sciubba (2007) published a paper that is arranged chronologically with numerous 
references on the history of exergy from its beginnings to 2004. Sahoo (2008) provided 
detailed information about various methodologies and a history of the exergoeconomic 
23 
 
analysis. Orhan et al. (2007) stated that Exergy-Cost-Energy-Mass (EXCEM) analysis 
can be performed on an energy system and individual components to analyse system 
performance under various operational conditions. Details of this method are available in 
Orhan et al. (2010). 
 Milia and Sciubba (2006) performed a study on Extended Exergy Accounting (EEA) 
as a method to perform exergoeconomic analysis. This method enables the analyst to 
perform a complete and meaningful assessment of a complex system. 
Lazzaretto and Tsatsaronis (2006) elaborated on another alternative method of 
performing exergoeconomic analysis, which is based on the Specific Exergy Costing 
(SPECO) approach. In this method, the fuel and product of a component are defined by 
taking a record of all exergy additions/removals to/from all exergy streams of the system. 
Moreover, all the costs are calculated by applying principles of business administration 
(Paulus and Tsatsaronis, 2006). More information and examples of the SPECO method 
are available in (Tsatsaronis et al., 2008; Kwak et al., 2003; Orhan et al., 2010). For the 
purpose of this study, the SPECO method is used to perform exergoeconomic analysis. 
3.3  Transient Heat Transfer in Heat Exchangers 
MHE heat exchangers work under transient operational conditions. Thus, steady 
state heat transfer analysis cannot be used for calculations of this heat engine. In this 
study, a transient heat transfer model is developed for the MHE. The base of the model 
uses the method that is available in the earlier literature. Some correlations and variables 
are modified and added to make this method appropriate for the MHE. 
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Torton (1960) developed a method to evaluate the transient response of gas-to-gas 
heat exchangers. This method is used for both parallel and cross flow heat exchangers. 
The model can be used both to evaluate the response resulting from change of mass flow 
rate and to deal with heat exchangers involving variations of the Stanton number.  
Kakac (1975) performed a study on transient forced convection with a fully 
developed flow between two flat plates. A general solution under a zero wall temperature 
or zero heat flux at the boundary is given in this study. Buevich and Perminov (1981) 
performed a study on unsteady heat transfer processes between a channel working fluid. 
The obtained solutions are valid when the heat loss from the wall is uniform. 
Lachi et al. (1996) characterised the behaviour of a double pipe or shell and a tube 
heat exchanger in transient phase when a sudden change of the flow rate is imposed at the 
entrance of one of two fluids. The analysis is valid in parallel flow heat exchangers. The 
model is analytically developed and the obtained results are validated against the 
experimentally collected data. An excellent agreement is found to exist between the 
results from the analytical model and experiments. 
Chang and Kwon (1999) studied the transient heat transfer of a shell and tube heat 
exchanger when the primary fluid was turbulent. The step change was imposed to the 
inlet temperature of the primary side. The study was performed on a straight tube heat 
exchanger. When the tubes were U-shaped, the fluid velocity in the outward region of the 
bend was higher than that in the inward region and vortex flow was formed around the U-
bend. However, since in most of the cases the length of the U-bend was relatively short, 
the results can also be used for U-tubes. 
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Abdelghani-Idrissi et al. (2000) conducted a study on flow rate step change along a 
counter flow double pipe heat exchanger. In this study, fluids were single phase and 
turbulent. The theoretical data obtained from this study was validated by the measured 
experimental data. The Biot numbers of both sides, corresponding to their experimental 
conditions, were less than 0.01. There was a good agreement between the developed 
model and experimental data.  
Yin and Jensen (2003) developed an analytical model for transient heat exchanger 
responses. This model was developed for co-current heat exchangers. One fluid had a 
constant temperature and the other fluid stayed in a single phase. Since the analysis did 
not depend on the flow direction, the model can be used for counter current and cross 
flow heat exchangers. The correlations were developed for two conditions: i) one step 
change is imposed to the inlet temperature of the single phase fluid; and ii) one step 
change is imposed to the flow rate of the constant temperature fluid. The results from this 
model agreed with the obtained results from numerical simulations. The study covers 
both turbulent and laminar flows. One limitation that this model has is the use of the 
Colburn equation to estimate the Nusselt number; thus, the Prandtl number has to be 0.7 
< Pr < 160 and the Reynolds number has to be Re > 10 
4
. The other three limitations that 
exist in this model are: i) constant convection coefficients; ii) single mass step change; 
and iii) single temperature step changes. 
Naterer and Lam (2006) developed an analytical method to model the transient 
response of a two-phase heat exchanger. The model was developed with varying 
convection coefficients. The coupled energy equation was directly solved for both sides 
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of the heat exchanger with an integral method. In this study, multiple step changes were 
imposed on the fluid and variations were given to the convection coefficients. 
Regulagadda et al. (2011) analysed transient response in a heat exchanger with 
pressure regulated outflow. In that study, the thermal performance of a co-current flow 
heat exchanger with transient gas outflow was analytically analysed. The results obtained 
from the developed model perfectly matched the earlier data in Yin and Jensen (2003). 
Regulagadda et al. (2012) extended their model and developed a time varying NTU 
method for heat exchanger analysis. 
In the proposed model in this thesis, the temperature and mass flow rate step 
changes are imposed on the liquid and gas inside the heat exchangers, respectively. 
Transient heat and mass transfer characteristics inside the MHE heat exchangers are 
analysed and modelled. Recently, most of the cases that deal with transient heat transfer 
are numerically analysed, due to the existence of partial derivatives in transient heat 
transfer studies, which do not have an exact solution. This thesis uses an integral method 
to describe the transient behaviour of the MHE heat exchanger, which has two single 
phase fluids and one fluid at a constant temperature. 
In this study, a new MHE prototype is developed and analysed to recover heat 
from low temperature differentials (below 100 K). The heat engine does not have a 
regenerator. Moreover, for this heat engine, the cold and hot heat exchangers can be 





Chapter 4 : SYSTEM DESCRIPTION AND 
EXPERIMENTAL STUDIES 
4.1 Marnoch Heat Engine 
The Marnoch Heat Engine is a recently developed new type of heat engine that 
creates mechanical work from temperature differences. The proof-of-concept device of 
the MHE was developed and tested in a previous study (Saneipoor, 2009). The heat 
engine was thermodynamically modelled and analysed. All details about that proof-of-
concept device design, measured and modelled temperatures and pressures are available 
in (Saneipoor, 2009). In the present work, for the first time a prototype of the MHE is 
built in the CERL. A transient heat transfer model is developed to predict the pressures 
and temperatures during the charging and discharging modes. Results obtained from the 
theory and experiment are used to predict the performance of an MHE pilot project with 
90 kW production capacity. Details about this unit are available in the second case study 
in Chapter 6. Three major steps of the MHE prototyping are mentioned under Section 
4.3. 
This heat engine utilizes compressed dry air as the working gas. Air is a natural 
substance; therefore, air leakages to the environment are not hazardous. In the MHE, a 
mixture of polypropylene glycol and water (W/G) transfers heat into/from the system. 
Similar to the Stirling cycle, an ideal MHE has isothermal expansions and compressions. 
Heat additions and rejections are isovolumetric processes. 
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The enclosed area of the P-V diagram decreases after each stroke. Hence, the 
torque output from the piston assembly drops after each stroke. Since the pressure 
differentials on opposite sides of the piston are closer after each piston revolution. In 
order to overcome this problem, multiple tank pairs need to operate simultaneously. 



























The MHE heat recovery system with multiple heat exchanger pairs has some 
disadvantages. For instance, the weight of the materials required for the system 
manufacturing increases. Consequently, this brings more material and energy 
consumption during the manufacturing process. Moreover, when multiple heat 
exchangers and piston assemblies are applied, the transmission system of the MHE 
becomes more complicated and will require more regular maintenance. 
There are four major differences between the new MHE and common Stirling 
engines: 
1. In the MHE, all the power output from the piston assembly is transferred to the 
flywheel to turn the flywheel and consequently run the generator to produce 
electricity. In Stirling engines, a portion of the energy output from the piston, 
produced from the expansion, is spent on the compression. 
2. In the MHE, the heat source and heat sink of the heat engine can be located away 
from the piston-cylinder assembly (see Figure 4.1). In the configuration of the 
Stirling engines, in order to achieve expansions and compressions, the cylinder 
needs to be heated and cooled directly. 
3. A regenerator is utilized in the mechanical configurations of the beta and gamma 
Stirling engines. In the mechanical assembly of the MHE, this part does not exist. 
4. The enclosed area in the P-V diagram of the MHE decreases after each stroke 




4.2 Energy Conversion Steps in Marnoch Heat Engine  
 Energy conversion in the MHE unit is composed of four main steps. These steps 
are demonstrated in Figure 4.2. Excess heat is collected from the heat reservoir and 
transferred with a heat transfer liquid to the MHE heat exchangers. Compressed air inside 
the heat exchanger shells removes heat from the liquid. As a result, the pressure of the 
gas inside the shell increases. In cold heat exchangers, the liquid cools down the gas. 
Therefore, the gas pressure inside the shell decreases. When the pressure differential 
reaches a maximum, the low pressure and high pressure shells are connected. Gas moves 
from the high to the low pressure shell. A two-way piston assembly is installed on this 
line. Air flow moves the piston from the high to the low pressure shell. This process 
continues until the pressures inside the shells equalize. Since the pressure difference in 
the present prototype is low (< 689 kPa), it is not possible to use multi-stage piston 
assembly. 
Automated ball valves switch the high and low pressure sides of the piston to 
obtain continual strokes from the piston assembly. More information about the MHE 
assembly and working principles are available in (Marnoch, 2008; Marnoch et al., 2008; 
Saneipoor et al., 2011). The valve positions are controlled by a PLC. For more 
information about the MHE control system, see (Eklund et al., 2009; Naughton, 2012). 
Piston revolutions are converted to one-way rotary motion in the flywheel through the 
transmission system. This results in the rotation of the main flywheel. Since the flywheel 
stores energy, it reduces the fluctuations of the piston power output. Kinetic energy of the 
flywheel is converted to electricity through a Permanent Magnet (PM) generator. A 













Figure 4.2: Energy conversion steps in the MHE. 
4.3 Prototyping of Marnoch Heat Engine 
 The present prototype of the MHE was assembled in the Clean Energy Research 
Laboratory (CERL) at UOIT. The design of this prototype started in January 2010. 
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Specifications and drawings of the heat exchangers were sent for manufacturing in March 
2010. Mechanical design and manufacturing of the heat exchangers were performed 
under the ASME standards operating under the maximum pressure of 3,447 kPa by All-
Weld. A laboratory facility was specifically equipped for this heat engine. Heat 
exchangers were delivered in June 2010 and four months were spent on the first assembly 
phase.  
 By the end of phase one, the system was tested with a maximum compressed air 
pressure of 1,034 kPa. This was the maximum pressure that did not need TSSA 
certification for operation. The maximum liquid pressure inside the pipes reached 206 
kPa. During this time, individual components of the heat engine were tested several times 
to ensure that system diagrams and configurations were correct. At the end of this phase, 
the heat engine was started four times and 4 - 8 strokes were achieved from the 
temperature differential of 60 K. All pressure values referenced in this thesis are gauge 
pressures. 
The second assembly phase of the system started in November 2010 and it was 
finished in April 2011. During this phase, all liquid carrying lines were modified to work 
under a pressure of 413 kPa. In addition, pipes carrying the compressed air were replaced 
to tolerate up to 2,757 kPa. However, the maximum air pressure inside the system could 
not exceed 1,723 kPa. The two-way actuator installed in the transmission system could 
not tolerate more than 1,723 kPa. For higher operational pressures (> 1,723 kPa), a 
custom-made pneumatic actuator was required.  
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The third assembly phase of the MHE started in July 2011 and finished in January 
2012. During this phase, the transmission system of the MHE was replaced with a new 
transmission system with bevel gears and a new flywheel. A two-way rotary actuator that 
could tolerate up to 3,100 kPa was installed in the system. New automated ball valves 
were installed in the system, along with a high accuracy controller that could change the 
valve position in less than 250 ms. The pressure relief valve lift setpoint was modified to 
keep the valves closed up to 3,100 kPa. A liquid tank with a capacity of 1,100 litres was 
connected to the heating loop to store hot liquid to maintain hot Water/Glycol (W/G) 
mixture to the heating loop, when higher liquid mass flow rates are required. 
4.4 Shell and Tube Heat Exchangers of MHE 
   The present prototype of the MHE is composed of four shell and tube heat 
exchangers (see Figures 4.3 and 4.4). Shells of the heat exchangers are made of carbon 
steel and tube bundles are made of stainless steel 304. The liquid flowing through the 
system is a W/G mixture with up to 50% polypropylene glycol concentration. This avoids 
freezing and boiling during an operation in a temperature range of 239.9 - 393 K. 
Therefore, the fluid moving through the pipes and tube bundles of the MHE stays in a 
single phase. Each heat exchanger has one gas inlet/outlet, one liquid inlet and one liquid 
outlet. 
The liquid flowing through the hot and cold heat exchanger tubes of the MHE 
stays in a closed loop. To drive the liquid through the system, a pressure differential is 













Figure 4.4: Heat exchanger of the MHE, a) shell with liquid and gas inlets and outlets; b) multi pass - 
































































Figure 4.6: Heat sink bypasses line and valves. 
4.5 Heat Sink Configuration 
A dry cooler is used to simulate the heat sink for the MHE prototype. The 
minimum W/G mixture temperature that can be obtained from this system is the ambient 
temperature. Three gate valves are installed on the input, output and bypass line of the 
cooling system. These valves are welded to the pipes. When the amount of delivered 
coolant to the cold heat exchangers is extra, the bypass line sends the excess fluid back to 
the cooling tower. The gate valves installed on the inlet and outlet of the heat exchangers 
have a diameter of 38.1 mm and the gate valve on the bypass line is a 25.4 mm gate 
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valve. As shown in Figure 4.5, two ball valves are located after the inlet and before the 
outlet gate valves. These ball valves are installed for convenience and emergency shut-
offs, since opening and closing the gate valves does not take place in a short time (1s>). 
A 38.1 mm water strainer filters out the solid particles from the liquid that passes through 
the MHE (see Figure 4.6). 
The cold W/G mixture inlet/outlet temperatures are measured with J-type 
thermocouples installed in the pipes (see Figure 4.6). A rotameter is also installed on the 
W/G inlet pipe to measure the flow of the coolant through the cold heat exchangers. The 
inlet and outlet flanges of this rotameter, with a diameter of 38.1 mm each, are made of 
brass and are connected with treaded joints. Cooled W/G mixture from the dry cooler 
flows through the MHE heat exchangers and absorbs heat from the pressurized air inside 
the shell. Then it goes back to the dry cooler system. The liquid is pumped to the dry 
cooler heat exchangers. Three axial fans, each with a diameter of 450 mm, pass the air 
through the coils to cool down the W/G mixture. 
4.6 Heat Source Configuration 
 Two separate tankless water heaters operate to simulate various heat source 
temperatures and flow rates. Figure 4.7 shows the connection diagram of the heating 
system. The maximum output temperature from these water heaters, 365
 
K. These water 
heaters use natural gas to heat W/G mixture. The minimum required W/G flow rate for 
the first unit is 11 l/min and for the second unit, 15 l/min is required to start the operation. 
The advantage of using a tankless water heater is that the required area for the heat source 



































































































Figure 4.7: MHE heating system, a) schematic and connection diagram of the MHE heating system; 
b) photo of the present assembly, 1) ball valve; 2) check valve; 3) gate valve; 4) thermometer; 5) 
pressure gauge; 6) rotameter; 7) open tank; 8) expansion tank; 9) pump; 10) heat reservoir; 11) 
liquid strainer; 12) solenoid valve. 
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In order to control the liquid flow rates through the heating loop, a speed 
controller is used on the electric circuit of the pump. Therefore, it is possible to control 
the pressure and flow of the heating system. The tankless water heaters used to simulate 
the heat sources are equipped with indicators that show the inlet and outlet W/G 
temperatures and W/G flow rates. 
Two automated air vents are installed on the hot lines to vent the air inside the 
pipes. Both of these air vents are located on the highest level of the system. One is 
installed at the outlet of the pump and the other is installed at the outlet of the first water 
heater. One problem a W/G mixture used as the heat transfer liquid is that air mixes with 
the liquid easily. When it circulates through the system, air almost dissolves in the liquid. 
This phenomenon magnifies when the temperature of the liquid is more than about 340
 
K. 
Consequently, the density of the heat transfer liquid drops drastically. This significantly 
decreases the pump performance. Therefore, the pump cannot deliver the desired amount 
of liquid through the heating system. In order to solve this issue, after installation of new 
equipment or changing the configuration of the pipes, the system must operate for several 
hours to vent out the air from the pipes. Separation of dissolved air from the W/G is 
critical in operation of the MHE. The cooling loop of the MHE is connected to a tank that 
separates the W/G mixture from air. In this design, the heating and cooling loops are 
connected and they are equipped with manual ball valves. When air mixes with the liquid 
from the heating loop, the mixture can be directed to the cooling loop to vent the air. The 
liquid is then returned to the heating loop. 
A VFD is capable of adjusting the speed and torque of an electric motor. The 
Variable-Frequency Drive (VFD) controls the voltage and frequency supplied to the 
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motor. The electric motor of the pump, which creates pressure differences in the hot 
water closed loop, is equipped with this device. The speed of an electric motor is 
determined by both frequency of the power supplied to the motor and the number of the 
magnetic poles in the stator. The VFD, which is used in the present system, controls the 
frequency of the supplied power and it controls the motor speeds. 
The selected VFD model for the present prototype is DANFOS-1120. Application 
of this device has four main advantages for the electric motor that runs the pump. 
 It can be used to start and stop the pump. 
 The VFD monitors the power input fluctuations into the pump; for instance, the 
voltage differences between the three phases of the power supply exceed 5%, this 
device is able to halt the electric motor, to avoid damage to the wiring. 
 If after electricity blackouts or maintenance processes, two of three phases are 
exchanged unexpectedly, this device will not run the motor in the opposite 
direction. 
 The VFD is capable of changing the speed of the electric motor by changing the 
frequency of the power supplied to the motor. This reduces the power consumption 
by the motor when it does not need to be run at a maximum speed. A lower speed 
operation results in significant energy savings due to the drop of motor power with 
the cube of the speed. Equally, pump operation at lower speeds results in 




4.7 Liquid Flow through Heat Exchangers 
In this section, the flow of the W/G through the MHE heat exchangers is 
discussed. The present assembly of the MHE has four shell and tube heat exchangers. 
Tube bundle specifications are given in Table 4.1. The W/G inlets and outlets are located 
at the front section of the heat exchangers. Each heat exchanger has one inlet and one 
outlet, which are located at the top and bottom of the heat exchanger accordingly. The 
liquid inlet and outlet diameter is 38.1 mm. The inlets/outlets are connected to the piping 
system with four bolt flanges. The thickness of these flanges is 30 mm. The flange 
connected to the shell is welded to the pipe. The flange connected to the piping system is 
threaded to a 76 mm long nipple (1.5”, Schedule 40). Rubber seals are placed between 
these flanges to prevent leakage from these connections. The 1.5 mm steps on these 
flanges create higher pressures on the rubber seals. The same dimensions are selected for 
all the flanges that connect the liquid pipes. 
The outer diameter and wall thickness of each tube is 19.05 mm and 2.1 mm, 
respectively. ASTM 249-T-304, which is a common material for tube bundles, is the 
selected material for the tube bundles operating at high temperatures. Moreover, this 
material does not react with W/G mixtures and most thermal oils. Specific weight of the 
tubes is 0.85 kg/m where density of the applied material is 7,900 kg/m
3 
at 300 K 
(Incropera et al., 2007). The tube bundle occupies about 20% of the shell inner-volume. 
The maximum operational pressure on the W/G lines is 414 kPa. However, as indicated 
in Table 4.1, the pressure of the tube bundles inside the heat exchangers can be increased 
up to 689 kPa. Each inlet and outlet of the heat exchangers is divided into two separate 
lines with T-pattern galvanized fittings. 
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To control the flow of the heat transfer liquid through the pipes and heat 
exchangers, 38.1 mm diameter solenoid valves are installed between the check valves and 
the liquid inlets and outlets of the heat exchangers. The position of the valves changes 
when the operational cycle of one heat exchanger is finished. These valves can be 
installed vertically, horizontally, or diagonally. 
Table 4.1: Tube bundle specifications of the MHE. 
Parameter Value 
Total Number of Tubes 33 
Inside Diameter of Tubes 16.9 mm 
Outside Diameter of Tubes 19.1 mm 
Average Length of Each Tube 6.1 m 
Total Volume of Tubes 0.06 m
3
 
Tube Wall Thickness  2.1 mm 
Surface Area of One Tube 0.18 m
2
 
Total Surface Area of the Tube Bundle 12.42 m
2
 
Applied Material ASTM 249 TP304  
Thermal Conductivity of the Alloy (at 323 K) 13.8 (W/mK) 
Tube Weight  0.85 (kg/m) 
 
 Y-pattern swing check valves installed on the inlet and outlet of the MHE heat 
exchangers control the flow directions through the pipes and tube bundles. The body and 
disc of this check valve are made of bronze and the cap is made of brass. A total of 16 
check valves are utilized in the inlets/outlets of the heat exchangers. Compared to the 
spring check valves, this type of check valve causes lower pressure drops. The swing 
check valve imposes positioning restrictions on the design and assembly of the heat 
engine. It can only be installed horizontally for proper operation. 
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4.7.1 Assigning Time-Delay for W/G Outlet Valves 
The volume of the fluid that flows through the tube bundle of each heat exchanger 
is about 60 litres. When a heat exchanger finishes one operational cycle, the hot/cold 
fluid that is flowing through the heat exchanger is switched to cold/hot. This creates a 
large heating and cooling load for the dry cooler and the heating system. For instance, the 
W/G mixture flowing inside the cold and hot heat exchangers has temperatures of 278 K 
and 365 K, respectively. As mentioned earlier, both heating and cooling systems of this 
heat engine operate in closed loops. Therefore, after each heat exchanger switching, the 
remaining fluid inside the heat exchanger has to reach the temperature of the opposite 
side. In order to reduce the effect of the switches (cyclical work) on the heating and 
cooling systems, a time-delay for the outlet solenoid valves is considered. 
Table 4.2: Estimated required time-delay based on bulk liquid velocity. 
Total Volumetric Flow Rate 
(l/min) 




45.4 0.10 63 
53.0 0.12 55 
60.6 0.14 48 
68.1 0.15 42 
75.7 0.17 38 
83.3 0.19 35 
90.8 0.20 32 
98.4 0.22 29 
106.0 0.24 27 
113.6 0.25 25 
 
The way that this time-delay works is that, at the time when the heat exchanger 
switches from hot to cold or vice-versa, the solenoid valve of the opposite side stays 
open. During this time-delay the fluid flowing from the opposite reservoir pushes the 
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remaining liquid towards the outlet of the tube bundle. The W/G mixture flow rates, 
length and diameter of the tubes have a direct effect on the time-delay durations. 
The length of the tubes in this design has five different values. The chosen length 
for the present time-delay calculations is the average of the lengths of the stainless steel 
tubes with regards to the number of applied tubes. Since the W/G mixture flow rates from 
the heating system is different from the W/G mixture that is flowing from the cooling 
system, the set time-delay for the outlet solenoid valves are different. 
Table 4.2 shows the time-delay variations with respect to the total volume flow 
rates through the heat exchanger inlets. The presented velocities in this table are bulk 
fluid velocities. The present dimensions of the tube bundles, mentioned in Table 4.1, are 
used to calculate the fluid velocities at certain W/G mixture flow rates. In the third 
column of this table, the relative time-delays for each heat exchanger are calculated. By 
using these time-delays in the PLC, the amount of energy needed to change the fluid 
temperatures in the closed loops is reduced. 
Table 4.3: Shell specifications of the MHE prototype. 
Parameter Value 
Total Length of Shell 3.62 m 
Inside Diameter of Shell 314 mm 
Outside Diameter of Shell 323 mm 
Wall Thickness of Shell 9.5 mm 
Total Volume Inside Shell 0.25 m3 
Total Surface Area of Shell 3.84 m2 
Thickness of Front Flange 31.5 mm 
Diameter of Front Flange 485 mm 
Number of Bolts of Front Flange 12 
Diameter of Bolts of Front Flange 15 mm 
Header Length 203 mm 
Applied Material SA-106 B 
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Figure 4.8: Compressed air lines and pneumatic system assembly of the MHE, 1) automated ball 
valve with Stepper motor; 2) manual ball valve; 3) pressure relief valve; 4) thermocouple; 5) pressure 
gauge; 6) pneumatic actuator; 7) heat exchanger shell; 8) electric controller; 9)  automated ball valve 
with brushless motor. 
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4.8 Gas Flow through Heat Exchangers 
The shells of the MHE heat exchangers are filled with pressurized air and are 
designed to handle up to 3,447 kPa. The thickness of each shell is 9.5 mm and made of 
carbon steel. Detailed information about the shells is available in Table 4.3. Each heat 
exchanger of the MHE has one gas inlet/outlet, located approximately in the middle of 
the shell. The diameter of the inlet pipe is 38.1 mm, which is similar to the liquid pipes. 
Automated ball valves control the air flow direction through the air pipes connecting the 
heat exchangers to the piston assembly. A connection diagram and a photo of the air 
pipes and valves are available in Figure 4.8. In the present prototype the pressure 
differentials between the shells is not sufficient to run multistage piston assemblies. 
The total length of the heat exchanger, including the attached flange, is 3.62 m. 
The outer diameter of each shell is 31.4 cm. Each shell is insulated with two layers of 
12.7 mm fibreglass. These fiberglass insulations have an aluminum jacket. One T-type 
thermocouple measures the temperature of the shell surface and another thermocouple is 
installed to measure the temperature of the outer insulation surface. These thermocouples 
are connected to a DAQ to collect data for the heat loss calculations. The tube bundle 
inside the shell has 33 stainless steel tubes, each with an outer diameter of 19.05 mm. The 
tube sheet that separates the W/G inlet and outlet is made of stainless steel and directly 
welded to the shell. The plate that is used to seal the header has a thickness of 31.5 mm. 
This plate is attached to the front flange with 12 bolts. The applied gaskets between the 
plate and the front flange are made of neoprene (polychloroprene) which is a synthetic 
rubber that is flexible over a wide temperature range. The other side of the header is 
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welded to a flange with four bolts with a diameter of 10 mm. Two stainless steel baffles 
hold the bundle in the middle of the shell. 
There are four T-type thermocouples installed on the shells to measure the gas 
temperature inside the shells. Each thermometer is 305 mm long in order to be properly 
exposed to the gas inside the shell. Four pressure sensors measure the air pressures inside 
the shells. The digital pressure sensors are connected to the computer to record the air 
pressures inside the shell. The other pressure gauges are mechanical with 12 cm screens. 
Theses gauges can be observed by the laboratory personnel and, in case of unexpected 
high pressures, an emergency shutdown can take place. The pressure relief valve installed 
on the shell shares a connection with the pressure gauges and the air charging/discharging 
port. Table 4.4 shows the temperature and pressure rages of the fluids that have been used 
in the MHE. 
A flange with a thickness of 20 mm and four bolts with a diameter of 16 mm 
connect the pipes to the heat exchanger. A manual ball valve is connected via a threaded 
pipe to the inlet/outlet of the heat exchanger. The other side of this ball valve is 
connected to a pipe attached to an automated ball valve. This automated ball valve is 
powered by an electromotor manufactured by Oriental Motors. These automated ball 
valves control the charging and discharging modes of the heat exchangers. The speed of 
the position changes of these valves has a direct effect on the time gap where no power is 
produced from the piston assembly. These valves are connected to high speed automated 




Table 4.4: List of measuring devices and their relative errors. 
Fluid W/G Mixture Dry Air 
Minimum Temperature (K) 272 272 
Maximum Temperature (K) 372 372 
Minimum Pressure (kPa) 137 0 
Maximum Pressure (kPa) 689 kPa 2700 kPa 
4.9 Transmission System of MHE 
The pressure differentials inside the shells are converted to one-way rotary motion 
through the transmission system of the MHE. This process is discussed in this section. 
The gas inlets/outlets of the heat exchangers are connected to the inlet and outlet of the 
two-way actuator. The pipes and hoses that bring air into/from the cylinders are certified 
to work under a maximum pressure of 2,758 kPa. The maximum working pressure for the 
present piston assembly is 1,724 kPa. The applied Teflon seals in the piston assembly 
cannot tolerate more than this pressure.  
A rack and pinion is used in the mechanical assembly of the actuator to convert 
the revolutions to rotary shaft work. The shaft used in the actuator is extended to both 
sides of the piston. Two installed sprockets on both sides of the shaft are connected to the 
shaft that rotates the main flywheel with chains. One of the sprockets directly rotates the 
connected sprocket to the flywheel. The other sprocket connected to the flywheel is also 
connected to two other sprockets that counter the motions of the piston sprocket. Chains 
connect the flywheel to the sprockets. This setup converts the reciprocating motions of 
the piston to one-way rotary motion in the flywheel. The flywheel is connected to the 
generator with a grooved belt. Moreover, to examine the effect of an increase in the 
weight of the flywheel, another flywheel is installed on the main flywheel shaft. 
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4.10 Errors and Uncertainties of Experiments 
In order to study the transient characteristics of the MHE operation, it is necessary 
to measure the liquid mass flow rates, as well as fluid pressures and temperatures during 
the charging and discharging modes. This section discusses various sources of errors in 
the MHE, and also elaborates the solutions is required to reduce the error effects on the 
measured data. In addition, this section presents how these errors can be quantified. 
4.10.1 Measuring Fluid Temperatures and Flywheel Speed 
T-type thermocouples are installed on the shells to measure gas temperatures. 
This type of thermocouple has copper versus copper/nickel wiring (Omega, 2011). The 
extension wire, which connects the thermocouple to the DAQ, or digital display, is made 
of the same materials. This type of thermocouple covers a wide range of temperature 
measurements (73 - 623 K) compared to other thermocouple types. The accuracy of this 
thermocouple in a range of 213 - 373 K is ± 1 K (1.5%). 
The thermocouples, measuring the liquid temperatures, are J-type. The wires, 
which are used in the structure of these thermocouples, are made of iron versus 
copper/nickel. Equally, the applied extension wires are made of the same materials. The 
thermocouples can be used in a temperature range of 233 - 1,023 K. The maximum error 
in this temperature range is ± 2.2 K (0.75%) (Omega, 2011). The thermistors that collect 
the surface temperatures are also J-type. The Teflon insulation on the thermocouple 
prevents heat interactions with the ambient. The maximum working temperature of this 
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thermocouple is 193 - 393 K. In the given specifications by the manufacturing company, 
the accuracy of this thermocouple is ± 0.2 K, in a temperature range of 273 - 343 K. 
The bimetal thermocouples produce certain amounts of voltage when they are 
exposed to certain temperatures. This voltage needs to be measured and then translated to 
the Kelvin scale to measure the temperatures. In the present setup, three different device 
types are used to indicate the temperature readings. The first device that collects data 
from the thermocouples is a DAQ connected to a computer with a USB cable. The DAQ 
used in this experiment is a multifunction type DAQ, which has inlets that are capable of 
collecting data from the pressure and temperature sensors and flow sensors.  
DP24-T is the thermocouple meter that measures and displays the air temperature 
inside the shells. This device is able to show and record the readings from various types 
of thermocouples. The maximum error of this device is ±1 K (Omega, 2011).  DP-7002 is 
the other thermocouple meter which collects data from the J-type thermocouples, which 
are installed to measure the temperature of the hot and cold W/G. The maximum error of 
this device is less than 1% of full scale (Omega, 2011). DP-7002 is also equipped with an 
alarm system. Therefore, when the temperature exceeds a setpoint, the alarm system is 
activated and laboratory personnel are informed about the situation.   
In addition to the electronic devices measuring liquid, gas and surface 
temperatures, a bimetal thermocouple is installed on the dry cooler to measure the outside 
liquid temperature. This thermocouple works mechanically, and in the case of electrical 
failure, it can alert the operators, thus avoiding freezing in the dry cooler and piping 
systems. The accuracy of this thermocouple is given as 1% (Winters, 2011). The 
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minimum temperature that this thermocouple can measure is 223 K and the maximum is 
393 K. 
A digital laser tachometer is applied to measure the flywheel speed. The 
measurement range is between 5 - 99,999 RPM. The laser light is capable of measuring 
distances of up to eight metres away from the flywheel. This gives a good flexibility to 
the operator to measure the speed of the flywheel. The resolution of this tachometer 
varies between 0.1 - 1 RPM. The accuracy of the device based on the available 
information in the data sheet is ± 0.05% (Princess Auto, 2011). A summary of the 
minimum accuracies within the measurement ranges are shown in Table 4.4.  
4.10.2 Measuring Liquid Mass Flow Rates 
In order to measure the mass flow rate of the W/G mixture, volumetric flow rate, 
pipe dimensions, liquid pressure and temperature are required. The pipe dimensions are 
estimated based on the drawings received from the manufacturing company and available 
data in the ASME tables for specific pipe diameters and wall thicknesses. However, these 
numbers have tolerances along the pipes and tubes (ASME, 2004; Silowash, 2009). The 
volumetric flow rates of the W/G through the heating loop are measured with a digital 
flow meter. The minimum measuring interval of the digital flow meter is 0.006 l/s. 
The liquid temperatures and pressures are also required to find the mass flow rate 
from the volumetric flow rate. Mechanical pressure gauges are installed on the pipes to 
measure the liquid pressure inside. Since the effect of fluid pressure on its density in the 
liquid phase is not significant, inaccuracy of the pressure gauges on the liquid side causes 
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negligible errors when mass flow rates are calculated. The ambient temperature is 
measured by a K-type thermocouple. 
 The pipes carrying liquid were properly insulated. The thermocouples measuring the 
liquid temperatures at the inlet and outlet of the heat exchanger are installed 50 cm away 
from the headers inlet/outlet. The pipes and valves, which are located between the 
headers and thermocouples, are insulted by foam and fibreglass insulations. Thus, heat 
loss/gain from these insulated short pipes is neglected. Surface temperatures of the 
fibreglass insulation during cooling and heat modes are measured with a laser gun; no 
significant temperature variation (more than 1 K) is observed at the outer layer of the 
insulation during the MHE operation. In order to minimize the effects of the 
instrumentation inaccuracies (bias error), most sensors are selected in a way that they did 
not operate beyond 50% of their maximum design ranges. 
4.10.3 Measuring Compressed Air Mass, Temperature and Pressure 
The stored air mass inside the heat exchangers is estimated by measuring the air 
temperature, pressure and ideal gas laws. Positioning of the pressure sensors has 
negligible effect on the measured data, since the air pressure distribution through the 
vessel is almost homogenous. The thermocouple, which measures the air temperature 
inside the shell, is positioned in the middle of shell, through the tube bundle. The length 
of the thermocouple is selected in a way that it does not have direct contact with the tubes 
surfaces. Extreme caution must be taken to ensure the thermocouple and tube surfaces do 
not make physical contact, as this will result in collecting extremely inaccurate data. 
These thermocouples are located 90 cm away from the inlets/outlets of the shells; thus, 
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the air does not pass the sensor at high velocities during the discharging modes (see 
Figure 4.5). The error that is incorporated using ideal gas laws for the present calculations 
is estimated to be 2%. Section 5.1 shows formulation and details about associated errors 
using ideal gas laws model in the shells. Dimensions of the internal components of the 
MHE are required to find the occupied volume by the air inside the shell. The dimensions 
that are used for this calculation are based on the received drawing from the 
manufacturing company. 12.5% mill tolerance is considered for the received data 
(ASME, 2004; Silowash, 2009). The inaccuracies associated with the dimension 
measurements stay constant during the measurements and  affect the precision of the 
experiments. 
4.10.4 Measuring Ambient Air Temperature 
Heat exchangers of the MHE are installed inside the CERL laboratory. Shells and 
pipes of the MHE components are insulated with double layer insulations to minimize the 
effects of ambient conditions on the experiments. The ambient temperature inside the 
laboratory is measured by Triplet-9055 with a resolution of 0.1 K. The inaccuracies that 
cannot be calculated, such as spatial distribution of the air temperature and fluctuations of 
the ambient air temperature and pressure during the experiments, affect the precision of 
the measurements. In order to reduce these effects, the data for different runs of each 
specific test is collected during a limited time interval (less than 3 hours). The method of 




Table 4.5: List of measuring devices and their relative errors (Pioro and Duffey, 2007). 
Function Absolute Error Relative Error 
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4.10.5 Uncertainties in Heat Transfer Coefficient 
In this section calculation of uncertainties of the local heat transfer coefficient is shown. 
The local heat transfer coefficient (h) is given by (Pioro and Duffey, 2007): 
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Table 4.5 is used to calculated individual values of the presented parameters in Equation 
4.2. 
Table 4.6: List of measuring devices and their relative errors. 
Equipment Service Accuracy 
J-Type Thermocouple Measure Temperature  ± 0.2 K 
T-Type Thermocouple Measure Temperature  ± 1 K 
Pressure Sensor Measure Pressure  ± 8.6 kPa 
DP24-T Thermocouple Reader  ± 2 K 
D-7002 Thermocouple Reader  ± 2 K 
Laser Thermometer Measure Surface Temperature ± 2 K 
K-Type Thermocouple and Reader Measure Ambient Temperature ± 1.5 K 
DAQ Send Signals to Computer  ± 17 kPa 
DAQ Send Signals to Computer  ± 1 K 
Flowmeter Measure W/G Flow Rate 0.4 l/min 
Tachometer Measure RPM ± 1 RPM 
Multimeter Measure Voltage ± 1.8V 
Multimeter Measure Current  ± 0.05 A 
Sources (Omega, 2011; Honeywell, 2012; National Instruments, 2012; Prova, 2012; Princess-
Auto, 2011; Snap-on, 2012). 
4.10.6 Measurement Errors and Uncertainties 
The inaccuracies related to the measuring devices are called bias error. Random 
variations are the errors that occur due to uncontrolled parameters when making repeated 
measurements. They are related to the precision of the experimental readings, and can be 
determined by finding the deviation of the readings. The root-sum-square method was 
applied to find the uncertainties. The method and the related formulae are discussed as 
follows. 
Using the method of Kline and McClintock (Kline and McClintock, 1953), the 
measurement uncertainty (U) for the experimental data is calculated by the following 
equation: 
  √               (4.3) 
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where B is the bias limit, and PL is the precision limit for the experimental readings. Bias 
is the error associated with the inaccuracy of the measuring equipment. These numbers 
have to be multiplied by the range that measurements are performed to find the relative 
bias error (see Table 4.7). The precision can be found based on the following equation 
(Aberenethy et al., 1983): 
   
 
√ 
          (4.4) 
where   and N are the standard deviation and the number of experiments, respectively. 
The measurement uncertainties are reported in Table 4.7. The resulting errors in the 
temperature, pressure and power measurements keep the results within 95% confidence 
interval. 
               Table 4.7: Precision and bias errors of experimental measurements. 
Variables Precision Error Bias Error Overall Uncertainty 
Flywheel Speed 1.9 RPM 1.0 RPM 2.15 RPM 
Liquid Temperature 1.0 K 2.01 K 2.24 K 
Hot Liquid Flow Rate 0.62 l/min 0.62 l/min 0.88 l/min 
Surface Temperature 1.5 K 2 K 2.5 K 
Ambient Temperature 1.0 K 0.32 K 1.05 K 
Compressed Air Temperature 1.4 K 2.24 K 2.64 K 
Compressed Air Pressure 22.80 kPa  19.05 kPa 29.71 kPa 
Power Output from Generator 3.5 W  1.8 W 3.93 W 
 
4.11 Emergency Shutdown of MHE Prototype 
 Safety is a major concern in engineering designs. In order to create a safe design 
for the present MHE prototype, different design aspects are considered in calculations, 
design, material selection and assembly steps. In this section, important design aspects, 
which are directly related to safety considerations, are addressed. 
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 The present prototype is equipped with an automatic electric shutdown system. 
This system is activated automatically when the air pressures inside the shells exceed a 
maximum setpoint. Shell pressures are monitored by digital pressure sensors, which are 
connected to a PLC. When the emergency shutdown system is activated, all the solenoid 
valves located at the inlet/outlet are closed. Therefore, no fluid enters/exits the heat 
exchangers. Morover, all the electric valves, which connect/disconnect the heat 
exchangers to/from the actuator, are closed. Hence no air from the shells flows through 
the pipes during the emergency shutdown procedure. 
 The secondary safety shutdown system is fully mechanical. Thus, in the case of a 
failure in the electrical automation or monitoring system, the mechanical system can be 
used. One pressure relief valve is installed on top of each heat exchanger shell. These 
valves are set to open when the shell pressure exceeds a certain setpoint. The valves will 
vent the air to the top. Therefore, sudden discharging process of air creates no danger for 
the operators. In addition to the pressure sensors that monitor the compressed air 
pressures inside the tanks, mechanical pressure gauges are installed to measure the air 
pressures. 
 Two pressure relief valves that are installed on the water heaters open when the 
pressure inside the pipes exceeds 689 kPa. The reason for using two separate pressure 
relief valves is that after each water heater a check valve is installed, which disconnects 

































































































































































































Figure 4.9: Photo of present prototype of the MHE in the CERL. 
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The installed check valves avoid back flows to the water heater circuits. 
Subsequently, if high pressures are produced through each water heater circuit the 
relative pressure relief valve immediately opens. Hoses, which drain the fluid from these 
pressure relief valves, are extended to the outside of the laboratory. Therefore, the W/G 
fluid, which flows through the water heater, has temperatures up to 363 K. 
The start/stop pump switches are installed away from the piping area. Manual 
shutdown can be performed if an emergency is required. Both automatic and manual 
shutdown systems have decoupled designs. Therefore, failure in the operation of one 
system does not affect the second system operation. The above precautions increase the 
safety operational level of the MHE prototype. A photo of the complete assembly of the 
MHE is available in Figure 4.9.  
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Chapter 5 : ANALYSIS 
5.1 Thermodynamic and Heat Transfer Analyses 
In this section, thermodynamic and heat transfer analyses are conducted to 
evaluate the performance of the MHE system by changing the temperature of the heat 
source and heat sink (different ambient conditions). The heat transfer fluid used for this 
application is the W/G mixture. The effect of the fluid concentration on system 
parameters such as operational temperature and pressure ranges, are discussed. Density 
and specific volume changes of the liquid are negligible. 
In the MHE prototype, no phase change occurs; therefore, the equations used in 
the model reflect only sensible heat. The Gay-Lussac law is used to predict the final 
pressure inside the MHE heat exchangers: 
     
         
    
          (5.1) 
where Pini and Tini are the initial pressure and temperature and Pfin and Tfin denote final 
pressure and temperature, respectively. Equation (5.1) is applicable to ideal gases. The 
reduced pressure (PR) and temperature (TR) are used to determine if the air inside the heat 
exchanger shells can be treated as an ideal gas (Cengel and Boles, 2010): 
    
 
   
          (5.2) 
   
 
   
          (5.3) 
where     is the critical pressure and     is the critical temperature of air (3,952 kPa and 
133 K). Gas behaviour is dependent on temperature and pressure. However, by 
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normalizing these two parameters to their critical values, the gas will behave in an almost 
similar way (Cengel and Boles, 2010). If anyone of the below conditions is satisfied, the 
dry air inside the shell can be assumed as an ideal gas: 
1. At low pressure, the gases behave as an ideal gas regardless of temperature;  
2. At high temperatures when TR > 2, ideal-gas behaviour can be assumed with good 
accuracy regardless of pressure, except when PR >> 1; and 
3. The deviation of a gas from ideal gas behaviour is maximum around the critical 
point. 
The Van der Waals equation shown below considers two additional effects, not 
included in the ideal gas model: i) inter molecular attraction forces (
 
  
) and; ii) the 
volume occupied by the molecules (b). 
(      
 
  
)  (   )            (5.4) 
 The constants a and b are determined to be:          
      ⁄  and   
     
     ⁄  (Cengel and Boles, 2010). By comparing the results from ideal gas laws to 
those from the Van der Waals equation, it is found that a maximum difference of 2% 
exists between the calculated values of the air pressures inside the shell, which 
corresponds to 55 kPa in the present setup. 
The system performance under start-up conditions is different than under 
continuous operation. Figure 5.1 shows a schematic of the system used for the 
thermodynamic analysis. Each operational period has three modes of operation with 









Heat Exchanger Disconnected 
from the Heat Source
Heat Exchanger Disconnected 






Figure 5.1: One pair of the MHE heat exchangers connected to piston assembly. 
64 
 
Table 5.1: Mass and pressure variations inside heat exchangers during start-
up and continuous operation periods. 
  Start-Up Cycle      
  Mode 1 Mode 2 Mode 3 
  Beginning End Beginning End Instant 
Air Pressure PH=PC PH>PC PH>PC PH=PC PH=PC 
Air Mass MH=MC MH=MC MH>MC MH=MC MH<MC 
  Continuous Cycles     
  Mode 1 Mode 2 Mode 3 
  Beginning End Beginning End Instant 
Air Pressure PH=PC PH>PC PH>PC PH=PC PH=PC 
Air Mass MH>MC MH>MC MH>MC MH=MC MH<MC 
 
a) Start-up cycle modes: 
i) At the beginning of this period, the initial air masses in the hot and cold heat 
exchangers are constant and equal. The air valves are closed and no air mass 
transfer occurs. Hot and cold W/G mixtures start flowing through the heat 
exchangers. The inlet W/G mixture temperature is constant, while the outlet 
temperature gradually approaches the inlet temperature. Therefore, the air pressure 
in the hot and cold heat exchanger shells increases and decreases, respectively. 
ii) During the second mode of the start-up period the air valves, connecting the hot 
and cold heat exchanger shells to the piston assembly, open and air mass transfers 
from the high to the low pressure shell. During this mode, W/G mixture flows 
through the tube bundles to maintain a constant gas temperature inside the shell. 
iii) The third operational mode of the start-up period occurs when the air pressures 
inside the shells are equal. At this stage, all automated ball valves and solenoid 




b) Continuous cycle modes: 
i) As a result of a previous operational cycle, the air mass inside the shell of the hot 
heat exchanger is higher than the air mass inside the cold heat exchanger. During 
this mode, heating and cooling of the heat exchangers create higher pressure 
differentials than those of the start-up period. 
ii) During the second mode, hot and cold fluids are supplied to the heat exchangers to 
maintain almost isothermal expansions and compressions. Since the amount of 
supplied/removed heat to/from the heat exchangers is constant, the process is not 
fully isothermal. The temperatures of the heat source and heat sink, as well as the 
liquid flow rates through the heat exchangers, are constant. However, the 
transferred air mass from/into the shells is not constant. 
iii) The third operational mode occurs when the shell air pressures are equal. At this 
point, all automated ball valves and solenoid valves are closed and there no fluid 
flows through the heat exchangers. 
Since the air temperatures and mass flow rates are time dependent, the governing 
equations for the charging and discharging modes are transient. The only steady-state 
equation for the heat exchangers is the liquid mass balance equation, due to constant 
mass flow rate of the W/G mixture through the tube bundles: 
 ̇       ̇               (5.5) 
The air mass flow rate at the inlet/outlet of the shell is not steady state. During the 
charging mode, since the air ball valves are closed, the following equation applies: 
 ̇       ̇                 (5.6) 
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The change in air mass flow rate at any instance during the operational mode is given by: 
  ̇    ∑ ̇       ∑ ̇              (5.7) 
where   ̇    is the change of air mass flow rate during the charging or discharging 
period. The fluid volume on the shell side is: 
             
 
                  
 
              (5.8) 
The overall energy balance equation for each heat exchanger is written as: 
  ̇   ∑  ̇   ∑  ̇           (5.9) 
The energy transferred from the liquid to the gas is: 
∑  ̇  
    
    
 ∑  ̇  
    
    
 ∑ ( ̇     ̇    )
    
    
      (5.10) 
where ∑  ̇  
    
    
 is the amount of energy transferred (input) through one operational cycle. 
Since the stream transferring hot liquid into the system has a constant mass flow rate and 
constant temperature,  ̇   is constant. The energy flow rate from the tube bundle at the 
outlet of the hot heat exchanger ( ̇   ) has a minimum value at the beginning of the 
charging period and a maximum value at the end of this period. The difference is 
negligible because the heat capacity of the liquid on the tube side is significantly higher 
than that of the gas on the shell side.  ̇   denotes the energy transfer rate to the dry air 
inside the shell, with its maximum value at the beginning and minimum value at the end 
of the charging period.  ̇     is the energy loss due to fluid friction and pressure drops. 
Since energy transfer occurs in the form of heat,  ̇    and  ̇   are transient and  ̇     is 
assumed negligible; Thus, Equation (5.10) is rewritten as: 
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∫  ̇   
    
    
   ∫  ̇    
    
    
   ∫  ̇   
    
    
        (5.11)  
Here,  ̇       ̇    are the heat transfer rates into/from the system via liquid flow through 
the bundles.  ̇   denotes the heat transfer rate to the air and it is defined as: 
 ̇                  (5.12) 
where U is the overall heat transfer coefficient. The product    is determined by   
 
   
  
 
         
 
 
           
        (5.13) 
and 
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⁄ )
      
 
      
     
 
 
           
    (5.14) 
Here,        and         are the fouling factors inside and outside of the tube. A for one 
tube is calculated by 
                          (5.15) 
and 
                           (5.16) 
Heat exchangers experience fouling during their operation. Surfaces are subject to fouling 
by fluid impurities, rust formation, or other reactions between the fluid and wall material 
(Incropera et al., 2007). Fouling factors are obtained experimentally by determining the 
values of U for both clean and fouled conditions in a heat exchanger.  
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          (5.17) 
Similar cases can provide values for the fouling factors (Chapman, 1987; Holman, 1997; 
Naterer, 2003). Fouling also has a significant effect on the pressure drop inside heat 
exchangers. For a given flow, the pressure drop increases by the fifth power of the ratio 
of clean to fouled diameter (Mohanty and Singru, 2011). 
   
    
 (




          (5.18) 
A higher pressure drop increases the required pumping power to deliver the same 
amount of fluid. Therefore, tube bundle fouling increases the internal irreversibilities 
within the heat engine. The heating and cooling systems of the MHE operate in closed 
loops; therefore, no impurity is added to the heat transfer liquid. Furthermore, all tubes 
are made of stainless steel 304, which does not react with W/G mixture. Compressed dry 
air is the secondary fluid inside the shell and it is not subject to fouling effects. Thus, in 
the heat transfer model, the fouling effects on the heat transfer and pressure drops are 
assumed to be negligible. 
Substituting the energy flow of the liquid at the outlet and Equation (5.12) into 
Equation (5.10) yields: 
∫  ̇   
    
    
   ∫  ̇            ( )
    
    
     ∫   ( )
    
    
     (5.19) 
which gives the heat transfer rate from the fluid inside the tube bundle to the compressed 
dry air inside the shell. No phase change occurs.  
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∫  ̇   
    
    
                       (5.20) 
This equation gives the increase in compressed air energy during dt. 
Equation (5.14) is used to find U in Equation (5.19). The first term on the right 
hand of this equation includes inner surface area and convection coefficient. Convection 
coefficient can be calculated as: 
     
 
     
          (5.21) 
where     denotes the Nusselt number and k is the thermal conductivity of the fluid. In 
order to select a suitable correlation to calculate the Nusselt number, Reynolds and 
Prandtl numbers for the W/G mixture are determined as follows: 
    
  ̇     
       
          (5.22) 
where   is the dynamic viscosity of the fluid.  
   
 
 
           (5.23) 
where   and α denote the kinematic viscosity and thermal diffusivity of the fluid, 
respectively.         are thermophysical properties of the fluid. The Prandtl number 
contains no length scale and is dependent only on the fluid properties. Thus, the Pr values 
can be found in property tables. In this thesis, the EES database (version 2011) is used to 
find Pr. 
The Reynolds number indicates if the flow is laminar or turbulent. The fluid flow 
through the tube bundles is kept turbulent to increase the heat transfer rate. When the 
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flow is turbulent, Re > 10
4
 and 0.7 < Pr < 160, the Colburn equation is valid (Incropera et 
al., 2007): 
            
                 (5.24) 
The present model is developed to cover wider ranges of Pr and Re; thus, the Gnielinski 
equation is preferred. This equation is valid when 3,000 < Re < 5×10 
6
 and 0.5 < Pr < 
2,000 (Cengel, 2002).  
    
(   )(        )  
      (   )   (       )
        (5.25) 
Here, f denotes the friction factor for smooth pipes when 3,000 < Re < 5×10 
6
. f may be 
approximated by the Petukhov correlation (Incropera et al., 2007). 
 
  (                )
          (5.26) 
Moreover, the error of the Gnielinski correlation is less than 10%, while the error of the 
Colburn correlation reaches 25% (Incropera et al., 2007).  
The convection coefficient on the shell side is calculated for the charging and 
discharging modes. Since there is no air flow during the charging period, heat transfers 
only by natural convection. Cylindrical tubes are installed horizontally inside the shell. 
The Nusselt number can be calculated from the Morgan (Equation 5.27) or Churchill-Chu 
correlation (Incropera et al., 2007). 
         
           (5.27) 
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where C and n are constants and their values depend on the variation range of the 
Rayleigh number (Incropera et al., 2007). C changes between a range of 0.675 - 0.125; 
and n changes within 0.058 - 0.333. These constants have five different values when 10 
-
10
< Ra < 10 
12
. For a cylinder with a diameter of D, the Ra is calculated as 
    
    (     )
  
         (5.28) 
Here, g is gravitational acceleration and   denotes 1/T.           are surface and air 
temperatures. 
The following equation, which is called the Churchill-Chu correlation, calculates 
the Nusselt number over a wide range of Rayleigh numbers for the uniform temperatures 
or heat flux (Jiji, 2006): 
         
     (   )
   
   (        )         
       (5.29) 
which is valid for  10 
-5
< Ra < 10 
12
. Thus, this equation can be used to find an average 
Nusselt number for laminar, transitional and turbulent flows. 
During the operational modes of the MHE heat exchangers, compressed air flows 
from the high to the low pressure shell. Correlations for cross fluid flow through tube 
banks are used to find the Nusselt number and heat transfer coefficient of the compressed 
air. The tube arrangement is staggered and the Zukauskas correlation is applied to 
calculate the Nusselt number (Incropera et al., 2007). 
                
    (
  




       (5.30) 
where     denotes the correction factor for the cross flow which is taken from (Incropera 
et al., 2007). Selection of the     value is related to the Reynolds number; therefore, the 
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value of the correction factor changes as the fluid velocity varies. Pr is the Prandtl 
number of the dry air and     denotes the air Prandtl number at the tube surface 
temperature. Equation (5.30) is valid when            and               
   . Another condition that has to be satisfied to use the Zukauskas correlation is that the 
tube bundle has to contain more than 20 rows (     ). The present tube bundle has 
fewer than 20 rows (     ); thus, another correction factor is required to calculate the 
Nusselt number and Equation (5.30) is modified as: 
  ̅̅ ̅̅                 
    (
  




       (5.31) 
Here,     is the secondary correction factor. The     value is directly related to the 
number of rows. The value of this correction factor for the MHE exchangers, with 10 
rows, is 0.97 (Incropera et al., 2007). In Equations (5.30) and (5.31),        is the 
maximum air Reynolds number. 
        
                   
    
       (5.32) 
where      and   denote the density and dynamic viscosity of the compressed air, 
respectively.      is the maximum air velocity, which is calculated by: 
          
    
 (            )
        (5.33) 
Here,    is the transverse pitch which is found from the heat exchanger drawings. 
        and    denote the maximum and inlet air velocities, respectively.      and 
           are known from the heat exchangers drawings. 
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The effectiveness of the heat exchanger can be defined as:  
  
  (        )
    (         )
         (5.34) 
where      is the heat capacity rate of the cold or hot fluid, whichever is smaller.    is 
the heat capacity rate of the cold fluid. The denominator of Equation (5.34) is the 
maximum heat transfer rate between the hot and cold fluids.  
In the MHE heat exchangers, the cold fluid is compressed air. The value of      
in the MHE, during charging and discharging modes, belongs to the compressed air 
inside the heat exchangers because the W/G mixture has a higher heat capacity than 
compressed air. Equation (5.34) for the charging period is rewritten as: 
  
 ̅ (            )
 ̅   (             )
         (5.35) 
Here,   ̅is heat capacity (      
 
).                   are the initial and final temperatures of 
the compressed air during the charging period.        is the initial temperature of the hot 
W/G mixture, which stays almost static. In order to find a valid correlation between the 
effectiveness of the heat exchanger and NTU, it is necessary to find the heat capacity 
ratio Cr of the heat exchangers. Cr for shell and tube heat exchangers is given by: 
   
    
    
          (5.36) 
   for the present heat exchangers is rewritten as: 
 ̅  
 ̅   
 ̅   
          (5.37) 
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Equation (5.36) can be used during the discharging mode. Equation (5.37) can be used at 
any instance during operation. The fluid on the shell side is stationary and the heat 
capacity of the W/G mixture at any instance during the operation is significantly higher 
than that of compressed air; therefore,    is close to zero for the MHE heat exchangers. 
The same result is obtained for the discharging period. Thus, the air flow direction in the 
MHE heat exchangers has no effect on the          correlation, which is defined by: 
       (    )         (5.38) 
At the beginning of each charging period a sudden step change is imposed to the liquid 
temperature flowing through the MHE exchangers. In order to find the wall and, most 
importantly, the air temperature during this period, the energy equations of one element 
of the tube are written. Here, it is assumed that the hot W/G mixture starts flowing 
through a heat exchanger that contains cold air. During the charging mode, heat transfers 
through the air by natural convection. During the discharging mode, a step change is 
given to the mass flow rate of the fluid on the shell side (air). NTU is calculated by: 
    
    
    
          (5.39) 
This correlation can be used for both hot and cold heat exchangers; however, the 
parameters need to be modified for each operational cycle. 
5.2 Transient Temperature Response of Air 
The transient analyses are performed in two separate sections for two different 
operational modes. The first section of the formulations models the operation of the heat 
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exchangers when the hot and cold heat exchangers switch their operational mode. This 
model can also be used when the heat exchangers are working in series and the outlet 
temperature of one heat exchanger affects the inlet temperature of the other heat 
exchanger. The second section of the formulations models the operational mode of the 
heat exchangers. During this mode, the air mass flows from the hot to the cold heat 
exchangers. Since fluid flow rates and temperatures are not steady, conventional LMTD 
and NTU methods, which are applicable to the common shell and tube heat exchangers at 
steady state operation, cannot be entirely applied to the present system. In addition, the 
heat exchanger shells have one inlet/outlet. Figure 5.2 shows an elemental fluid flow 
passage and the tube wall of the heat exchanger, showing section x and dx. During the 
charging mode, the heat transfers through the air by natural convection. Thus, the air 
velocity through the tube bundles is not high. 
T air
T W/GT W/G = Tin
L






Figure 5.2: Interaction section between liquid, tube and air. 
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The final parameters used in the present model are non-dimensional. Therefore, 
the obtained correlations are applicable when the unit is scaled up. The correlations used 
to find the heat transfer coefficients cover a wide range of fluid velocities and properties. 
With this model, multiple step changes can be imposed to the fluid temperature and flow 
rates. Moreover, fluid properties can be calculated after each step change to obtain 
precise results from the model. 
Table 5.2: List of dimensionless numbers in transient heat exchanger analysis. 
Parameter Definition 
   
         
        
         
 









     
  
                 




        




        





   
 
  
    
  
 
The MHE heat exchangers do not have fins in their structures. The present model 
can also predict the fluid temperatures when fins are added to the heat exchangers. In 
addition, the application of this model is not restricted to the residence time of the fluids 
inside the heat exchangers. For all the above reasons, this model is superior to other 
solutions presented for similar cases. In the present calculations an average value is 
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calculated for each charging/discharging mode. The effect of pressure changes on the 
heat transfer coefficients is neglected.  
It is assumed that the liquid and air flow in the same direction. The inlet/outlet 
temperature of the W/G mixture into the element is                 . The temperature of 
the compressed air and stainless steel tube wall are Tair and Tss,tube, respectively. In order 
to derive governing differential equations to describe transient behaviours of the heat 
exchangers, the following simplifications are made: 
1) The temperatures of both fluids and wall are functions of the time and 
position. 
2) The velocity and temperature of each fluid at the inlet are uniform over the 
flow cross section and are constant with the time, except for the imposed step 
change. 
3) The thermophysical properties of the wall and fluids are uniform. 
4) The heat transfer surface area on each fluid side is uniformly distributed. 
5) Fouling resistance on both sides of the wall is neglected. 
6) Heat transfer from the shell is negligible relative to the heat transfer surface 
(tube bundle). 
7) There are no thermal energy sources within the heat exchangers.  
8) No phase change occurs within the heat exchangers. 
9) Heat transfer from/into the free frontal area of the tube sheet is neglected. 
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Equation (5.40) shows the energy balance of the W/G mixture flowing through 
the tube bundle. Gas and liquid temperatures inside the heat exchanger are only functions 
of the tube length (x) and time (t). 
    (     
     
  
  )       
     
 
(             )  
             (   ̅  
   
 
)
     
  
        (5.40) 
where            ̅   denote the heat capacity rate and heat capacity of the W/G mixture 
with a certain glycol concentration. Rearranging and simplifying Equation (5.40) yields: 
  ̅   
     
  
             
     
  
       (             )      (5.41) 
As shown in Chapter 4, in the present heat exchangers the length of the tubes in 
each row of the tube bundle is different from the other rows. For the modeling purpose, 
Lss,tube is substituted by an average value of 6.05 m. The first term of Equation (5.41) is a 
transient term that indicates the energy accumulations occurring within the control 
volume. The second term of the equation denotes the energy transfer through the control 
volume via W/G mass flow rate.       (             ) shows the heat transfer rate 
from the liquid to the tube wall, or vice versa, as a result of temperature gradients. During 
the charging mode, as time passes, the temperature of the wall and gas approach the W/G 
temperature. Consequently, the heat transfer rate between the tube wall and liquid 
decreases. Equation (5.42) shows the energy balance equation of the stainless steel tube 
wall. 
        
         
  
         (             )          (             )    (5.42) 
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Here, the first term indicates the energy changes of the differential element, which is 
exposed to the liquid and gas.          is the heat capacity of the tube wall, which 
depends on thickness and material of the wall. The second and third terms of this 
equation denote the energy that is transferred from/into the wall via convection. 
For the compressed air the energy equation is written as 
  ̅   
     
  
             
     
  
          (             )      (5.43) 
Different shell pressures affect the   ̅    and      values. Variation of the air 
velocity changes the value of     . The initial conditions of the fluids and wall 
temperatures are steady state (before the step change). Below, the steady state 
temperatures are shown by a quotation mark. 
    (   )      
 (   )        (5.44) 
        (   )          
 (   )        (5.45) 
    (   )      
 (   )        (5.46) 
The boundary conditions for the heat transfer liquid (W/G) are: 
    (   )         
             (5.47) 
    (   )         
             (5.48) 
and for the compressed air is: 
    (   )          
          (5.49) 
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Table 5.3: List of applied parameters in Equations (5.50) - (5.86). 
Parameter Definition 
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The dependent variables are W/G, air and wall temperatures. The specific forms 
of the defined parameters in Table 5.2 are somewhat optional. In this study, the 
dimensionless numbers are defined similar to earlier studies to evaluate the new model 
against the earlier models in the open literature. The proposed constants in Table 5.3 are 
only defined to simplify the following equations and final results. 
In order to write the energy equation in dimensionless form, dimensionless 
length (  ), time (  ) and temperature (  ) are defined in Table 5.2. Therefore, Equation 
(5.42) for the tube wall can be rewritten as: 
     
   
 
        
   
   
 (           )    
  (       
 
       )   (5.50) 
Using the same dimensionless parameters from Table 5.2, Equation (5.43) is rearranged 
as: 
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   )      (5.51) 
Integrating Equation (5.50) over the length of one tube (       ) gives  
   
   
(∫      
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            (5.52) 
   
  values do not depend on x*. Integrating Equation (5.51) over the length (       ) 
   
   
(∫      
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The temperature distributions within the stainless steel wall and air is approximated by: 
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Solving for  (  )      (  ) yields: 
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where  (  )      (  ) are only time functions. Three conditions need to be satisfied by 
Equations (5.56) and (5.57).  
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When       the system is in steady state; and when       a step change is imposed to 
the fluid temperature. The initial and final conditions of the compressed air are given as 
follows: 
           
 
        (      (   
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               (   
   )        (5.62) 
Initial and final conditions of the tube wall are given as follows: 
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   ))     (5.63) 
83 
 




     (   
   )       (5.64) 
Substituting Equations (5.61) - (5.64) into Equations (5.56) and (5.57) gives: 
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Equations (5.54) and (5.55) are rewritten as: 
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where  (  )      (  ) are defined as: 
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                (5.70) 
where  (  )      (  ) are only time functions, which satisfy the governing equations 
and initial conditions. Substituting Equations (5.67) and (5.68) into (5.52) and (5.53) 
gives: 
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These equations are solved as a system of first order differential equations. Initial 
conditions are implemented.  (  )      (  ) are found as: 
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Here,  (  )      (  ) are found in general forms. Thus, variations can be given to C* 
values when other changes, such as heat transfer coefficient variations, occur within the 
system.  ( )   ( )          
  is the initial condition that is given to this system of 
ODE. 
During operational mode, the main outlet/inlet ball valve of the shell is open. The 
air flow direction is controlled by opening/closing the automated ball valves. At t = 0 it is 
assumed i) the system is at steady state; ii) air mass within the system is constant; and iii) 
air leakages from the system are negligible. At t ˃ 0 a step change is imposed to the air 
mass flow rate. The heat transfer liquid is maintained at a constant mass flow rate. In the 
hot and cold heat exchangers, the amount of air mass is reduced and increased, 
respectively. The ratio of the steady state mass flow rate to the mass flow rate after the 
imposed step change is introduced by γ. Equations (5.40) - (5.43) and dimensionless 
numbers are used to investigate the transient behaviour of the MHE heat exchangers 
during the operational period. The integrations and temperature distributions, which are 
presented in Equations (5.50) - (5.57), and which were introduced earlier, are used in this 
section. However,  (  ) is replaced with  (  ),      (  ) with  (  ). The reason for this 
change is to avoid mixing time functions that are used for temperature step change with 
the time functions that are used for mass flow rate step change. The air and wall 
temperature distributions are modified as follows: 
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Here,  (  )      (  ) are only time functions, which are found in the following steps. 
When     the system is in steady state and at     a step change is imposed to the 
fluid mass flow rate. In Equations (5.50) and (5.51), the values of the   
        
  depend 
on the air mass flow rate. After each piston stroke, these values can be recalculated. The 
dimensionless numbers, which are calculated before the step change, are shown by the 
subscript ini; and when the step change is imposed, the subscript fin is used. The values 
of   
        
  before the step changes are modified to       
            
 ; and after the step 
change, they are modified to       
           
 . Therefore, the initial and final air 
temperatures are given by: 
               (        
 )       (5.77) 
              (        
 )       (5.78) 
Here,                
 
       indicate the initial and final air temperatures, respectively. 
The initial and final temperatures of the stainless steel tube wall are found to be: 
                
      
 
      
     (       
   )      (5.79) 
               
     
 
     
     (       
   )      (5.80) 
Air and tube wall initial/final conditions introduced in Equations (5.77) - (5.80) are 
substituted in Equations (5.75) and (5.76) to find the air and wall temperatures. The 
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obtained        
 
        and final values of   
        
  are substituted in integrations 
(Equations 5.52 and 5.53). The results of these integrations are two first order differential 
equations. Substituting Equations (5.77) and (5.78), which contain the compressed air 
initial and final conditions, into Equation (5.75) gives the air temperature distribution. 
Substituting Equations (5.79) and (5.80), which contain the stainless steel wall initial and 
final conditions, into Equation (5.76) gives the wall temperature distribution. In order to 
find  (  )      (  ), a system of ODEs is solved, considering   (     )   ( 
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 )            (5.84) 
These equations are solved as a system of first order differential equations. 
 (  )      (  ) are found as: 
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Table 5.3 gives the definitions of D values. 
5.3 Exergy Analysis of Heat Exchangers 
 The performance of the MHE under different operational conditions is examined 
via exergy analysis. In this system, no significant chemical reaction occurs. The physical 
exergy of each point of the flow in the MHE is determined by:  
    (     )    (     )       (5.88) 
where   ,    and    denote enthalpy, temperature and entropy of the dry air under 
ambient conditions, respectively. The reference pressure and temperature are assumed to 
be 103 kPa and 298 K; otherwise, it is addressed in the text.    and    are the enthalpy 
and entropy values at each point within the heat exchangers. The following equation is 
used to find the thermal exergy transferred, associated with the heat. 
 ̇   (  
   
   
)  ̇  Γ ̇         (5.89) 
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Here,    denotes the temperature of the heat source and Γ is the exergetic temperature 
factor.  ̇  is the heat transfer rate. Considering Equations (5.88), (5.89) and Figure 5.1, 
the exergy balance equation for the hot heat exchangers, at any instant, is given by: 
 ̇      (          )  (  
   
      
)  ̇    (  
   
       
)  ̇      (  
   
     
)  ̇    
(  ̇      ̇    )         (5.90) 
Here,                show the specific physical exergetic values of the W/G mixture, at 
the inlet and outlet of the heat exchanger. The first term of Equation (5.90) on the right 
side is the exergy transferred to compressed air. At the beginning of each operational 
cycle, the temperature difference between the heat source and heat sink is high. Thus, the 
amount of heat transferred between the tubes and shell is significant. (  ̇      ̇    ) 
shows the summation of exergy destruction, which occurs due to friction losses, and 
exergy loss associated with heat loss. Individual values of each parameter can change by 
choosing a different control volume for the tube bundle. However, the summation of 
these values stays constant when a different control volume for the tube bundle is chosen. 
In the present analysis, the summation of these terms is considered in the calculations. 
The main objective of the heat exchangers during the heating mode is to heat up the 
compressed air inside the shell. The heat stored in the tubes and shells is not useful for 
the MHE operation. Equation (5.91) shows the exergy balance equation of the hot heat 
exchangers during one complete charging mode. 
90 
 
                     (                   ) (  
   
      
)             (           
          ) (  
   
       
)        (                   ) (  
   
     
)        (  ̇      ̇    ) 
           (5.91) 
Here, subscripts ini and fin of the temperatures indicate the initial and final temperatures 
of the heat exchangers at the beginning and end of each operational cycle.            and 
      (  ̇      ̇    ) show the total exergy input and the summation of the total exergy 
destruction and loss during one operational cycle, respectively. The exergy balance 
equations for the cold heat exchangers include similar terms. However, the signs and 
values of some terms and parameters are different. When heat is maintained to the hot 
heat exchanger at high temperatures, the exergetic value of the heat flow is higher. On the 
cold heat exchanger, the liquid, which flows through the tube bundles, is at an ambient 
temperature. Thus, the exergetic value of the heat flow that is carried by the fluid is zero 




Figure 5.3: Schematic of piston-cylinder assembly including energy flow streams. 
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5.4 Thermodynamic Analysis of Piston Assembly 
 The pressure differentials between the hot and cold heat exchangers drive a two-
way piston assembly. The air mass flows from the hot heat exchanger into the cylinder 
and pushes the piston (see Figure 5.3). The remaining gas on the low pressure side of the 
piston is compressed and moved into the cold heat exchanger. Therefore, no air mass 
accumulates inside the cylinder. The mass balance equation for each stroke at any instant 
time during the operation, is given by: 
 ̇        ( )   ̇         ( )        (5.92) 
where  ̇        ( )     ̇          ( ) change after each stroke. The air mass enters the 
cylinder from the hot heat exchanger (high pressure side) and flows into the cold heat 
exchanger (low pressure side). Air flow from the high to the low pressure side through 
the piston assembly generates mechanical work. The amount of heat and air mass flowing 
through the cylinder assembly changes with time; thus, the work output from the piston 
assembly changes after each piston revolution. The energy balance equation for the 
piston assembly at any instant time during the operation is given by: 
 ̇    ( )   ̇        ( )(    ( )      ( ))   ̇    ( )    (5.93) 
where  ̇    ( ) is the mechanical work output from the piston. During one operational 
cycle, ̇    ( ) reduces after each piston stroke, because the pressure differential across 
the piston becomes smaller after each stroke until the piston stops moving. 
    ( )         ( ) denote the specific enthalpies of the compressed air at the inlet and 
92 
 
outlet of the cylinder, respectively.  ̇     ( ) is the total  energy loss that occurs inside the 
piston assembly, which includes the friction ( ̇     ) and heat losses as follows: 
 ̇     ( )   ̇     ( )   ̇     ( )       (5.94) 
Here,  ̇     ( ) depends on the normal forces and the friction coefficient. This value is 
almost constant for the current piston assembly. In the new transmission system,  ̇     ( ) 
is 13% of the energy input. This information is available in the user manual of the 
actuator (Parker Hannifan, 2001). ̇      ( ) denotes the heat loss from the cylinder which 
is neglected in the current analysis. 
 Exergy balance equation for the piston assembly at any instant during the 
operation is given by: 
 ̇    ( )   ̇   ( ) (       ( )         ( ))  (  ̇    ( )    ̇   ( ))  (5.95) 
The energetic and exergetic values of the shaft work are equal.        and         are 
specific physical exergy of the air at the inlet and outlet of the piston assembly. 
(  ̇    ( )  (  ̇   ( )) shows the summation of internal and external irreversibilities. 
 ̇     can be directly calculated by: 
 ̇     
     (     )
  
         (5.96) 
where    is the torque output from the shaft and       is the number of pinion rotations 
per minute. The pinion of this piston assembly rotates dr degrees during each complete 
stroke. The value of dr (rotational degree) depends on the rack length, diameter of the 
pinion and the sprocket diameter, therefore: 
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     (      )          (5.97) 
Here,    is the number of piston revolutions per minute. The    value for the current 
actuator is 360. Thus, each piston revolution produces one     . Equations (5.96) and 
(5.97) indicate that the piston speed and actuator gear ratio have a direct effect on the 
power output from the piston assembly. 
5.5 Thermodynamic Analysis of Transmission and Generator 
The MHE transmission system converts the piston revolution to one way rotary 
motion in the flywheel. The flywheel is connected to the PM generator to produce 
electricity. The mechanical components and configurations of the MHE units, with higher 
production capacities, are similar to the present prototype. For instance, the heat recovery 
capacity can be increased by adding to the number of heat exchanger pairs, transmission 
systems and generators. Therefore, the results and efficiencies from the present unit are 
useful for the scaled-up units. The values of the mechanical losses in the bearings, 
generator and invertor are obtained from the manufacturer specifications.  
The old transmission system of the MHE was made of a flywheel, five sprockets, 
two chains and a V-grooved belt to convert the piston revolutions to one way rotary 
motion and then transmitted to the generator. The maximum overall efficiency of the old 
transmission system measured to be about 40% (Saneipoor, 2009). The upgraded 
transmission system of the MHE is made of one flywheel, six bevel gears, two shafts and 
seven grooved ball bearings. Experiments show that when the rotational speed of the 
flywheel is 450 RPM, the generator power output is about 100 W. At this rotational 
speed, the friction loss of each bearing is about 1.4 W (SKF, 2012). Thus, the efficiency 
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of the transmission system is estimated to be 90% (10% friction loss in the bearings). 
Energy balance of the transmission system can be expressed as: 
 ̇      ̇          ̇           ̇           (5.98) 
where  
 ̇       ̇                ̇               (5.99) 
Here,  ̇     only relates to the mechanical losses that occur within the transmission 
system. Thus, the values of the energy loss and exergy destruction are assumed to be 
equal. 
The flywheel weight and geometry have to be precisely selected to absorb all the 
energy output from the generator. If the flywheel speed exceeds the pinion speed, the 
piston energy cannot be stored in the flywheel. Kinetic energy of the flywheel is 
calculated by the following equation: 
   
 
 
               (5.100) 
where the rotational mass moment of inertia (  ) and angular velocity of the disc ( ) are 
defined as follows: 




   
 
          (5.101) 
  (     )
   
  
         (5.102) 
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Here, W is the weight load, g is the gravitational acceleration, and k is the radius of 
gyration. AD denotes the angular traveled distance of the disc and    is the required time 
for this action. 
The selected generator is a PM generator, manufactured by Ginlong, with 85% 
efficiency (Ginlong, 2012). This generator efficiency is close to PM generators with the 
same rotor alloy as in (Muljadi et al., 1999; Chan and Lai, 2007). 
 ̇           ̇          ̇            (5.103) 
where  
 ̇         ̇              ̇                (5.104) 
The energetic and exergetic values of electrical and mechanical works are equal. 
The energy balance equation for the rectifier unit, including a rectifier and diodes, 
is given by: 
 ̇          ̇           ̇           ̇              (5.105) 
The energy loss that occurs through the rectifying unit is electrical loss, which is 4% of 
the electrical energy input (Ginlong, 2012). 
 ̇               ̇                (5.106) 
The overall efficiency of the upgraded transmission system and generator, 
considering mechanical in the piston assembly and electrical losses, is about 63%. All the 
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losses, which occur through the transmission system, are mechanical and electrical 
losses; thus, the exergetic and energetic values of the losses are equal. 
5.6 Calculation of Minimum Insulation Thickness for Pipe 
 The insulation of pipes transferring the hot and cold W/G to the heat exchangers 
has a significant role in improving the performance of the MHE and reduction of heat 
loss. The MHE piping system is located on the front section of the heat exchangers. In 
this setup, fibreglass insulation was used on both the cooling and heating lines. In the 
present analysis, it is assumed that steady state conditions exist for pipes and ambient. 
The heat transfer is one-dimensional in a cylindrical direction. It is also assumed that the 
properties of the insulation are constant and negligible radiation exchange exists between 
the outer surface of the insulation and surroundings. The thermal resistance between the 
W/G mixture and the air (per unit of length) is given by: 
                                              (5.107) 
Considering one-dimensional heat transfer in the radial direction, Equation (5.107) is 
rewritten as: 
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    (5.108) 
Here, the value of             can be neglected as the thermal conductivity of the carbon 
steel is about 60.5 W/mK and the thermal conductivity of fibreglass is 0.046 W/mK 
(Incropera et al., 2007).      must be maximized to minimize  ̇    . The first derivative 
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of this equation ( 
     
  
  ) gives the maximum/minimum of the      function. The 
second derivative (
      
   
  ) indicates whether the function has a maximum or 
minimum. The resulting equation gives positive values for any radius; thus, the function 
has no minimum or maximum. Therefore,   ⁄ , which is found from the first derivative, is 
a critical value for the insulation. 
5.7 Energy and Exergy Efficiencies  
Energy and exergy efficiencies of the heat engine are determined to evaluate the 
performance of the MHE, under various operating conditions. The energy efficiency 
(𝜂  ) of the heat engine is defined as the ratio of net work output to the total energy 
added by heat transfer. 
𝜂   
 ̇ 
 ̇  
          (5.109) 
where ̇  is the electric power output and  ̇   is the heat transfer rate to the compressed 
air. In order to find the energy efficiency of the heat engine during one operational cycle, 
∑  ̇ 
   
    and ∑  ̇  
   
    have been substituted in the above equation. 
The energy efficiency of the system does not fully characterize the irreversibilities within 
the system. For heat engines, Cengel and Boles (2010) defined the second law 
efficiency (𝜂  ) as: 
𝜂   
   
  
          (5.110) 
where 𝜂  is the Carnot (ideal) efficiency of the system, which is calculated by 
𝜂    
  
  
          (5.111) 
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Here, TC and TH denote the heat sink and source temperatures, respectively. This is the 
maximum efficiency that any power cycle can have while operating between the same 
reservoirs. 
The MHE generates electricity from low-temperature heat recovered. The energy 
efficiency does not characterize the effect of energy quality on the energy efficiency of 
the system. Therefore, the exergy efficiency (𝜂  ) of the system is given by: 
𝜂   
 ̇ 
  ̇  
   
  ̇      ̇    
  ̇  
        (5.112) 
where   ̇   is the total transferred exergy rate to the compressed air during one 
operational cycle. To calculate the exergetic value of the heat rate transferred into the 
system,  ̇   is multiplied by the exergetic temperature factor (Γ).   ̇    is the exergy 
destruction rate within the heat engine. As discussed in Equation (5.105), ̇ ,   ̇   and 
  ̇    can be found for one operational period to calculate the MHE exergy efficiency 
during one operational cycle. Table 5.4 shows the exergy destruction rate for individual 
components of the MHE. Equation (5.112) can also be used for individual components of 
the MHE.   ̇    is exergy destruction within an individual component and 
  ̇         ̇     are exergy input and output of each component, respectively. Figure 5.4 
explains the equations introduced in Table 5.4. 
Table 5.4: Exergy destruction rate for individual components of the MHE. 
Component Exergy Destruction 
Heat Exchanger   ̇        ̇        ̇           ̇  
Piston-Cylinder   ̇       ̇       ̇      
Transmission System   ̇        ̇        ̇       














Figure 5.4: Exergy flow through individual components of the MHE. 
5.8 Exergoeconomic Analysis of MHE 
In exergoeconomic analysis, exergy analysis and economic principles are 
combined to give the system designer an adequate tool for the purpose of designing a cost 
effective system. In order to perform exergoeconomic analysis, in addition to the exergy 
analysis, it is also necessary to conduct economic analysis on the system. 
In order to estimate the Capital Investment (CI), it is assumed that the required 
time to design and build an MHE unit is zero. The reason for this assumption is that many 
parts, which are used for the MHE, do not need to be custom-made. Moreover, when the 
system design is finalized, all parts can be ordered and assembled in a short time period. 
As discussed in the second case study, the time period for a 90 kW unit is about four 




I. Fixed-capital investment 
a) Direct costs 
1. Onsite costs: Equipment cost, installation cost, piping cost, 
instrumentation and control, electrical equipment and control 
2. Offsite costs: land  
b) Indirect costs: engineering and supervision, construction costs 
II. Other outlays 
a) Start-up cost 
b) Cost of licencing 
The best cost estimation for the purchased equipment can be directly obtained 
through quotations from vendors (Bejan et al., 1996). The cost of major equipment of the 
MHE is estimated by this method (quotation). Since some parts of the present MHE are 
similar to the next units, the cost of some equipment is estimated from past invoices. The 
other method that can be used for cost estimation is to use some commercially available 
software packages. However, it should be noted that the results from such software 
packages may not be accurate. Thus, this method is not used in this thesis. The cost of 
Operation and Maintenance (OM) of the MHE unit is calculated based on the life time of 
the components and required hours to service the system. 
The following four steps are taken to perform the exergoeconomic analysis for the MHE. 
1) Exergy streams through the MHE are identified.  
Figure 5.5 shows the exergy streams through the MHE. The heat input into the system is 
waste heat. The stream of losses includes heat, mechanical and electrical losses from the 









Figure 5.5: Inlet and outlet streams of the MHE. 
2) Fuel and product streams are defined. 
Fuel Stream:  
Waste heat enters the system at a low temperature, which can be supplied by 
some industrial processes. 
Product Streams: 
The MHE has two product streams which are i) the electric power output from the 
generator; and ii) stream associated with losses. 
3) The relative cost of each stream is specified. 
Since MHE uses waste heat to produce electricity, the cost of the fuel in the 
present system is zero. The cost of the first product stream (electricity) strongly 
relates to the CI and OM costs of the system. Associated costs with losses is zero, 




4) The cost of owning, operation and maintenance of the system is estimated. Details 
are available in the following equations. 
The cost balance equation for the overall system is formulated as: 
 ̇        ̇        ̇           (5.113) 
Here,  ̇            ̇       are cost rates associated with the product and fuel.  ̇    is 
defined as: 
 ̇     ̇    ̇           (5.114) 
where  ̇        ̇   are the cost rates associated with the CI and OM costs, respectively. 
These values for the MHE are calculated by dividing annual contribution of CI and OM 
costs, by hours of system operation per year. The MHE does not work at very high 
pressures or temperatures; thus, regular maintenance significantly decreases the down 
time of the system. In the presented calculations, it is assumed that the system is operated 
for 8,500 hours per year.  ̇ can be written as: 
 ̇      ̇            (5.115) 
Here,   ̇ can be replaced by the exergy associated with power (  ̇       ), heat transfer 
(  ̇  ), entering (  ̇   ) and exiting (  ̇    ) streams.   denotes the average costs per unit 
of exergy in dollars per kJ. Cost balances in this section are arranged in a way that all 
terms stay positive.  
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There are three different approaches that can be used to calculate the cost of heat 
loss streams. 
 ̇               (5.116a) 
 ̇          ̇            (5.116b) 
 ̇          ̇            (5.116c) 
The first approach is valid when the loss stream directly goes into the environment. The 
second approach indicates that the cost of the loss is equal to the cost of the fuel that 
enters the system. Equation (5.116c) shows that the cost of the loss within the system is 
equal to the cost of the product. Bejan et al. (1996) stated that this approach 
overestimates the cost of the loss that occurs within the system. Since waste heat is used 
to run the MHE, the value of the heat loss cost stream from Equations (5.116a) and 
(5.116b) are equal to zero. The heat that is rejected from the pipes and shells are treated 
as heat loss. Heat rejected from the cold heat exchangers, through the liquid outlet stream 
to the ambient, is also treated as loss. 
Figure 5.6 shows the MHE energy flow diagram. The system boundary includes 
all heat engine components. The MHE components such as the valves, pumps and control 
system consume a fraction of the electric energy output from the generator. This internal 
energy consumption is treated as exergy destruction (  ̇   ) within the system. The cost 
of exergy destruction within the MHE unit is assumed to be equal to the product cost. 
Since    ̇  that is consumed by these components directly reduces the net power output 
from the system. Thus, the exergy destroyed within the system has the potential to be 
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converted to useful work output. For instance, if the power consumption by the solenoid 
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Figure 5.6: Energy flow diagram of the MHE. 
The total cost of the product stream (electricity) equals the cost of the entering 
streams ( ̇    ) plus CI and OM costs of the MHE ( ̇). 
 ̇   ̇      ̇            (5.117) 
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Here,  ̇  is the cost of electric power output (product) from the heat engine.  ̇     is the 
cost of heat absorbed by compressed air inside the hot heat exchangers. Since the heat 
supplied to the MHE is waste heat,  ̇     is assumed to be zero. Therefore, Equation 
(5.113) is simplified as: 
 ̇   ̇             (5.118) 
Since the energetic and exergetic values of electricity are equal,  ̇  is calculated by: 
 ̇      ̇     ̇          (5.119) 
where    denotes the cost per unit of exergy ($/kWh) and   ̇  is the associated exergy 
rate; therefore: 
   
 ̇
  ̇ 
          (5.120) 
This equation indicates that cost of the exergy depends on the CI and OM costs of the 
heat engine. Hence it is crucial to distinguish the components that have the highest shares 
of cost among the others. If any type of fuel is specifically burnt to provide heat for the 
MHE, the cost of the fuel has to be included in the calculations. It is also important to 
recognize the individual components with the highest exergy destruction rate. In order to 
distinguish the system components with the major impact on the final cost of the 
electricity, the system is divided into four subcomponents: i) heat exchangers; ii) piston 




Table 5.5: Cost rates for individual components of the MHE. 
Component Cost Equation 
Heat Exchanger  ̇      ̇        ̇      ̇          ̇    
Piston-Cylinder  ̇       ̇      ̇     ̇      ̇      
Transmission System  ̇        ̇       ̇       ̇      
















Heat Heat Mass Flow Mechanical




Exergy Losses Exergy Losses
 
Figure 5.7: Fuel and product streams for individual components of the MHE. 
The purpose of the MHE heat exchangers is to heat up the air inside the shells. 
However, a fraction of the absorbed heat from the liquid stream is also spent to heat up 
and cool down the tube bundle and shell. Thus, the total heat stored in the heat exchanger 
is considered as the fuel, and the product is the amount of heat stored in the compressed 
air. The MHE heat exchangers are designed to be maintenance free during their life time 
(20 years). Therefore,  ̇    only includes  ̇  , which is related to the CI costs for the 
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MHE. The heat exchangers are the most expensive components of the heat engine. In the 
second case study, the details are discussed.  
The work output from the piston assembly is mechanical work. Exergy 
destruction that occurs through the piston assembly is due to friction loss. Cost of exergy 
consumed and destroyed within the piston assembly is equal to the cost of the product 
(see Equation 5.116c).  ̇    includes the CI and OM costs. Since   ̇   into the cylinder is 
fixed and exergy destruction directly relates to the product cost, thus: 
 ̇          ̇             (5.121) 
Since the exergy associated with flow at the cylinder inlet is fixed, the exergy destruction 
rate reduces the mechanical work output from the component. A similar correlation can 
be used to find      for the transmission system. Table 5.5 shows the cost equations 
used for individual components of the MHE. In this table,  ̇    shows the associated costs 
with the exergy destroyed within the system.  ̇   and  ̇    show the cost of exergy input 
and output, respectively. Figure 5.7 shows the Fuel and product streams for individual 
components of the MHE.  
Individual components of the MHE have non-exergy-related costs and costs 
associated with   ̇      ̇    . The relative significance of each category can be 
distinguished by calculation of the exergoeconomic factor. The exergoeconomic factor f 
is defined to evaluate the performance of the overall system and individual components. 
  
 ̇   
 ̇       (  ̇      ̇    )
        (5.122) 
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The total cost rates causing the increase in the unit cost from fuel to product is given by 
the denominator. This equation indicates that decreasing the exergy destruction and loss 
can increase the f factor for that specific component. Evaluating the exergoeconomic 
factor for the overall system and major individual components helps to improve the 
overall system performance and reduce the cost of the final product. However, this may 
initially result in an increase of the CI and OM costs. 
5.9 Optimization of MHE Heat Exchangers  
This section reports on double-objective optimization, using genetic algorithm, to 
maximize the heat transfer rate by maximizing the effective heat transfer area and 
minimizing the purchasing cost of the heat exchangers. The objective functions are 
selected based on the results from exergoeconomic analysis and the second case study. 
The targets for the optimization process are the MHE heat exchangers.  
The methods of random searches are known as evolutionary algorithms. The 
evolutionary algorithms are parallel and globally robust. The mathematical optimization 
processes generally have two problems: i) since they search for the maximum in the 
analysed point neighborhood, they only have a local focus; and ii) they depend on the 
existence of their derivative.  
The genetic algorithm is a search procedure that uses random selection for 
optimization of a function. It is a flexible tool, which can be used as an optimization 
method. The two main reasons for choosing genetic algorithm method in this study are: i) 
they have been proven to be successful for robust searches in complex spaces; and ii) in 
many studies it has been confirmed that this method is valid, efficient and effective. The 
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Double-objective optimization, using a genetic algorithm in MATLAB (version R2012a), 
is performed to find the optimal points. 
 Two separate fluids flow through the MHE heat exchangers. The fluids on the 
tube and shell side stay in liquid and gas phases, respectively. Both fluids flow through 
closed loops. The working medium, heat transfer liquid and tube bundle materials are 
chosen such that they do not react with each other. Therefore, tube bundles do not need 
cleaning and maintenance. Moreover, the pressure differential between the fluids on the 
shell and tube side is significant. The heat transfer fluid and medium work under 
pressures of 689 kPa and 3,447 kPa, respectively. Because of the above mentioned 
reasons, the shell and tube heat exchangers can have a staggered tube (30
o
) arrangement, 
with a minimum free frontal area (Shah and Dusan, 2003). In the optimization process, 
these parameters are assumed to be constant. 
 Selection of the tube material strongly depends on the process fluids. Selection of 
the tube thickness relates to the operational pressure, temperature and thermal shocks. For 
the present analysis, stainless steel 304 is selected to meet all the previously mentioned 
requirements. 
 One of the main parameters, which significantly affects the MHE overall power 
output, is the effective heat transfer surface area. Increasing the heat transfer area, in both 
heating and cooling modes, increases the heat transfer rate into/from the compressed air. 
This reduces the charging/discharging periods and increases the net power output 
accordingly. Increasing the surface area of the tube bundle is limited to the maximum 
number, diameter and length of tubes that can be used inside the shell. Increasing the 
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effective surface area raises the overall cost of the heat exchanger. When a decision is 
being made to purchase a heat exchanger, it is important to select the maximum possible 
area for the lowest price. Thus, the first objective function is the tube bundle surface area 
and the second objective function is the heat exchanger cost. The tube bundle surface 
area is given by: 
                                 (5.123) 
where    
  shows the tube bundle area.       ,       and            are the number, 
length and outer diameter of the tubes, respectively. 
 The structures of the MHE heat exchangers are similar to the common shell and 
tube heat exchangers. The only major difference between the present heat exchangers and 
common U-shaped tube heat exchangers is that the MHE heat exchangers only have one 
inlet/outlet for the fluid on the shell side. The equation below calculates the purchasing 
cost of each shell and tube heat exchanger based on the tube bundle area and materials 
(Taal et al., 2003; Vahdat and Amidpour, 2011). 
            
           (5.124) 
Selection of the   ,    and    values relates to the shell and tube materials. Table 5.6 
shows different values of   ,   and    for shell and tube heat exchangers. Hajabodolahi 
et al. (2012) used Equation (5.124), with the relative values, available in Table 5.6, for 
carbon steel shell and stainless steel tube bundles, to estimate the cost as the objective 
function for the optimization process. 
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 The results obtained from Equation (5.124), combined with constants from Table 
5.6 for carbon steel shell and stainless steel tube bundle, are compared against three 
received quotations from All-Weld Inc. (a local heat exchanger manufacturer), and the 
predictions shows that there is less than 25% difference with the quotations (All-Weld, 
2010; 2012). This variance is expected when the cost of the equipment is being estimated 
based on the design specifications through cost estimation correlations (Tall et al., 2003).  
Table 5.6: Constant values for cost estimation of shell and tube heat exchangers with different shell 
and tube materials. 
Shell Material Tube Material          
Carbon Steel Carbon Steel 7,000 360 0.80 
Carbon Steel Stainless Steel 8,500 409 0.85 
Stainless Steel Stainless Steel 10,000 324 0.91 
Carbon Steel Titanium 14,000 614 0.92 
Titanium Titanium 17,500 699 0.93 
Source: Taal et al. (2003). 
 The optimization is performed for two different cases. In the first case, the tubes 
have an outer diameter of 19.05 mm and in the second case 12.70 mm. Since the MHE 
heat exchangers operate under transient conditions, the tube bundles need to have a 
minimum weight to reduce the heat absorption by the tubes. Thus, the tube thickness 
needs to have its minimum value to satisfy the power piping standards available in 
(ASME, 2004). The minimum thickness of the tube, made of stainless steel 304, that can 
be used for the present application is schedule 10 (see Appendix for calculations). 
Maximum design pressure and temperature for this selection are 689 kPa and 372 K, 
respectively.  A mill tolerance of 12.5% is considered when the minimum wall thickness 
is determined (ASME, 2004; Silowash, 2009). 
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 There are four constraints defined in this heat exchangers optimization which are 
mentioned in Table 5.7. Shell and tube materials affect the minimum price of the heat 
exchangers. The tube arrangement, which is staggered-30
o
, restricts the maximum 
number of tubes that can be used for the tube bundles. 
Table 5.7: Constraints and their variation range for heat exchanger optimization. 
Parameter 
Variation Range 
(Tube Diameter 19.05 mm) 
Variation Range 
(Tube Diameter 12.70 mm) 
Shell Diameter (m) D < 0.314 D < 0.314 
Shell Length (m) 0.05 < L < 10 0.05 < L < 10 
Number of Tubes 1 < Nt < 33 1 < Nt < 58 
Tube Length (m) 0.1 < L < 20 0.1 < L < 20 
 
 The objective functions for the present optimization case study are as follows: 
   Maximization of the effective heat transfer area (Atb, see Equation 5,123), excluding 
free frontal area; and  
   Minimization of the heat exchanger capital cost (   , see Equation 5,124). 
  The genetic algorithm is used to optimize the solution by selecting different 
values of decision variables. Consequently, it is expected to obtain the highest values for 
the heat transfer area and the lowest CI. Because of the particular usage of the heat 
exchangers, the design parameters have high rigidities. Only two variables can be 
changed to find the optimal points. The shell geometries directly relate to the number of 
tubes and tube bundle arrangements. Correlations and constants for shell sizing are 
available in (Shah and Dusan, 2003; Hajabdollahi et al., 2012). Heat exchangers of the 
present prototype are installed inside the CERL. The maximum length of the shell is 
allowed to be about 3.60 m, including header and flanges. Therefore, the maximum 
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length of the tube bundle is determined to be 3.05 m. The tubes selected are U-shaped 
with a maximum length of 6.10 m. The maximum number of tubes (OD = 19.05 mm) that 




Chapter 6 : CASE STUDIES 
In this section, two case studies are performed using the MHE as a heat recovery 
system to produce electricity. The focus of the first case study is to identify CO2 
emissions from the MHE during manufacturing and maintenance using life cycle 
assessment. For this case study, the design of a heat recovery system for an industrial 
facility equipped with an MHE is discussed. The focus of the second case study is on 
economic and exergoeconomic analyses of the MHE. In order to perform a precise cost 
analysis on the system, a heat recovery system with the MHE for a cement plant is 
designed and all relative costs are discussed in detail. 
6.1 Case Study One: Life cycle Assessment of MHE 
 In this case study, life cycle assessment of the MHE is conducted. Five steps for 
manufacturing and recycling of an MHE unit is shown in Figure 6.1. Weight of the 
materials required to build the MHE unit with 10 kW power output is estimated. Most of 
the MHE components can be recycled and used for the other industrial applications. It is 
assumed that the amount of emissions that can be saved by recycling the MHE after 20 
years is almost equal to the emissions released during the manufacturing process of the 
MHE individual parts. The amount of emission released from the other three processes is 
individually calculated to find the overall CO2 emissions from the MHE during its 
lifecycle.  
Figure 6.2 shows an MHE unit that recovers waste heat from an industrial source. 
In many cases, the heat rejected from the industrial processes is at a constant temperature. 
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Thus, in this design it is assumed that the heat source temperature is almost constant. The 
heat sink of the presented system is at an ambient temperature. Therefore, the 
temperature of the heat sink may slightly increase during the daytime. Increasing the heat 
sink temperature results in a reduction of the temperature differential between heat sink 
and heat source. Consequently, system efficiency and electric power output decrease. 
The heat reservoir of the MHE consists of three separate loops. In the first loop, 
hot heat transfer liquid is circulated. The second loop brings hot fluid from the industrial 
process to heat up the heat reservoir of the MHE. The third loop is connected to a solar 
system with vacuum tubes and can be activated during the daytime. Since low quality 
heat (below 373 K) can be used as the heat source for this heat engine, heat can be 
recovered from various sources such as cooling water rejected from a nuclear power plant 






Figure 6.1: Five steps for manufacturing and recycling of MHE unit. 














The heat recovery system discussed in this section has 12 shell and tube heat 
exchangers. The tube bundles are made of stainless steel 304, while the shells are made 
of carbon steel. There is one piston assembly installed between each two pairs of heat 
exchangers. The pistons are connected to a shaft that rotates the main flywheel. A cooling 
tower unit is installed at the heat sink. Three axial direct-driven fans pass the air through 
the coils of the cooling tower. All coils and fins are made of aluminum. The fan impellers 
are made of aluminum. The fan selected for this operation is EC-710. The required power 
to run each fan is 1.5 kW. Each fan produces an air flow rate of 18,000 m
3
/h at 1,030 
RPM (Ebmpapst, 2009). The maximum capacity of the installed generator is 20 kW, 
where 8 kW of the energy produced is used to run the pumps, fans and solenoid valves. 
Therefore, 12 kW is the maximum electricity that can be produced by this system. In the 
calculation of the power output in this section, it is assumed that the MHE operates at 
85% of its maximum capacity; thus, the net power output is 10 kW. 
 Waste heat flows through the main coils of the main heat exchanger used as the 
heat reservoir (see Figure 6.2). It heats the W/G mixture flowing through the individual 
MHE heat exchangers. It is recommended to install a solar system for the purpose of 
being used as an optional heat source. This additional heat source is beneficial for the 
warmer seasons or regions. The reason is that industrial processes are at nearly steady 
state. Hence the temperature and flow from an industrial facility like a nuclear power 






































































































Figure 6.2: Application of the MHE as heat recovery system with an auxiliary solar system. 
 A cooling tower is used as the heat sink for this heat engine. Consequently, it is 
not possible to achieve very low temperatures (273
 
K) during warm seasons. Reduction 
of the temperature differentials between the heat source and heat sink decreases the 
Carnot efficiency of the heat engine and the power output. When the solar system heat 
output is added to the heating circuit, more W/G mixture at higher temperatures can be 




 The size of the components and materials for this design are estimated based on 
the present prototype of the MHE. For newly added components, references provided in 
this section give information about the specifications and materials. All pipes, joints, and 
water strainers in this system are made of carbon steel. Check valves, ball valves and 
solenoid valves are made of brass. A 1.1 kW circulating pump is installed on the cooling 
system. The other two pumps installed on the first and second heating loops have 1.1 kW 
power. 60 vacuum tubes are installed in two separate panels (2.40 m
2 
each panel). For 
vacuum tube materials and specifications see (savoiapower, 2012), model 1800/58-30. 
The power of the pump on the third loop (solar system) is 375 W. Material weights and 
specifications of the pump are available in (Armstrong, 2012), model S-55. The body of 
the pumps is made of cast aluminum. The shaft and rotors are made of carbon steel. 
Three expansion tanks are installed on the lines transferring hot W/G mixture to the 
system. 
 Based on the performance of the present heat engine in different simulated 
ambient conditions, the characteristics of the proposed system in this case study are 
predicted. The bill of materials in Table 6.1 is shown for the proposed system and 
includes the predicted required materials for maintenance during the next 20 years. 
 The assumed life cycle for the proposed system is 20 years. The weight of the 
required materials is calculated to find the CO2 emissions as a result of manufacturing 
and maintenance processes. Moreover, the weight of the predicted materials for future 
maintenance is also taken into account. 
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Heat Exchanger Shells Carbon Steel 3,600 5,472 
Heat Exchanger Tube Bundles Stainless Steel 6,000 31,500 
Stand for Heat Exchangers Carbon Steel 750 518 
Shafts Carbon Steel 180 124 
Transmission System Carbon Steel 380 173 
Pumps, Electric motors and Generator Carbon Steel 150 104 
Pumps,  Electric motors  and Generator Aluminum 100 1,170 
Pumps,  Electric motors  and Generator Copper 150 405 
Valves (Ball, Gates and Solenoid Valves) Brass 15 39 
Valves (Ball, Gates and Solenoid Valves) Carbon Steel 25 38 
Piston Assemblies Carbon Steel 6 9 
Piston Assemblies Aluminum 18 211 
Fans Frames Carbon Steel 80 122 
Impeller of Fans Aluminum 110 1,287 
Radiators of the Cooling Tower Aluminum 300 3,510 
Frame of the Cooling Tower Carbon Steel 500 760 




Stand of the Solar Collectors Carbon Steel 150 228 
Stainless Steel Coils Inside the Main 
Tank 
Stainless Steel 1,000 11,574 
Main Hot Water Tank Carbon Steel 700 2,346 
Insulation  Fibreglass 80 134 
Piping System (Joints and Fittings 
Included) 
Carbon Steel 1,200 1,824 
Expansion Tanks Carbon Steel 15 23 
Wirings Copper 50 135 
Total   15,951 77,130 
 
 The components weighing less than 5% of the total weight are not considered in 
the bill of materials. CO2-equivalent emissions from the manufacturing processes of the 
control systems and computers are neglected. The changes of the heat sink temperature 
during different seasons of the year affect the performance and power output from the 
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system. The heat sink temperatures are assumed to be 281 K. The heat source 
temperature ranges between 350 - 370
 
K. Similar to other renewable energy systems, it is 
assumed that the CO2-equivalent emissions due to lifetime maintenance on the system are 
about 6% of those produced during the manufacturing process (Ardente et al., 2005). The 
amount of CO2-equivalent emissions from the manufacturing process of each component 
is calculated with the Sustainableminds software. 
Based on the performance of the present prototype, it is assumed that the system 
operates 8,500 hours per year. The heat exchangers must be emptied for maintenance and 
later refilled. The maximum initial air pressure inside the shells is 3,800 kPa. The 
compressor used to fill the tanks has a 7.5 kW electromotor supplied from the MHE. The 
required time to fill the tanks with compressed dry air is 30 minutes. It is assumed that 
the system components are transported using trucks with 7,500 kg capacity. Moreover, it 
is assumed that the average distanced traveled by each truck is 500 km. 
This heat recovery system does not emit CO2 directly to the environment during 
its operation period. The amount of CO2 emitted during the heat engine manufacturing 
process is about 77,130 kg, while that emitted during transportation is 6,000 kg. The 
produced CO2-equivalent during the lifetime of the MHE as a result of maintenance is 
4,600 kg. Based on these calculations, when the system operates 8,500 hours per year, it 
generates 85 MWh electricity per year. Thus, 1,700 MWh of electricity is produced at the 
end of the heat recovery system life cycle. The amount of CO2 released as a result of the 
manufacturing and OM of the system is 52 g CO2-equivalent per kWh. Table 6.2 shows a 
comparison between the CO2 intensities of different energy systems. Hondo (2005) 
performed life cycle assessment on various energy systems and compared the amount of 
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CO2 emitted per kWh of energy produced from these energy systems. The numbers 
reported are close to the numbers presented in Table 6.2, except for photovoltaic energy. 
Hondo (2005) reports that the amount of CO2 emitted per kWh from a photovoltaic 
source is between 26 - 53 g. 
Table 6.2: Comparison of CO2 intensities for different electricity production methods. 
Power Generation System CO2 Intensity (g CO2/kWh) 
SWIFT Wind Turbine 27- 41 
Wind Turbines at Coast 9 






Natural Gas 360 
MHE Heat Recovery System 52 
Source: Rankine et al. (2006) 
It is concluded that the heat recovery system analysed in this study can recover 
heat from several industrial facilities at low temperatures. This reduces the thermal 
pollution emitted from these industrial facilities. Additionally, it results in electric power 
production with low CO2 intensity. Adding auxiliary solar panels increases the reliability 
of the system during the daytime and warmer seasons. The other advantage of the system 
is the relatively stable overall power output when compared to the fluctuations 
encountered in some wind turbines. 
6.2 Case Study Two: Exergoeconomic Analysis of MHE 
In this case study, exergoeconomic analysis of a waste heat recovery from a 
cement plant with the MHE is performed. In a study by Saneipoor et al. (2011), the 
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performance of the MHE recovering waste heat from a typical cement plant was 
examined. For this purpose, two separate units of the MHE are used. The first unit 
recovers heat from the main stack. The minimum outlet gas temperature from the main 
stack in a clinker production system without a heat recovery unit is about 453
 
K. When 
gas flows through the coils of the heat exchanger, the outlet temperature of the gas 
decreases by a maximum of 2
 
K. At a temperature of 451
 
K, no significant condensation 
of corrosive gases occurs inside the stack (Johnson et al., 2008; Latrour et al., 1982). This 
prevents any potential damage and corrosion on either the coils or the stack surfaces. 
The second MHE unit recovers heat from the clinker quenching system. In this 
section of the cement plant, heat can be recovered at lower temperatures. The temperature 
drop in this section is not problematic, since there is no corrosive gas in the quenching 
system. All coils of the main heat exchangers in the heat recovery system are made of 
stainless steel, so that heat, particles and corrosive gases do not pose significant corrosion 
problems. The study focuses on the heat recovery from the quenching system (second 
unit). 
As mentioned above, hot air from the clinker quenching does not contain 
corrosive materials. The composition of the hot air is similar to that of ambient air. 
Moreover, temperature and mass flow rate of the gas can be varied by controlling the 
speed of the centrifugal fans directing air through the clinkers.  
The system designed to collect heat from the quenching system has 24 shell and 
tube heat exchangers. Three separate generators and transmission systems are used to 
generate electricity (90 kW). All tube bundles, heat collector tubes and heat sink tubes are 
made of stainless steel 304. 96 solenoid valves and automated ball valves are used to 
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direct the heat transfer liquid and compressed air through the pipes. The suggested heat 
transfer liquid for this system is CALFLO LT and 2,460 litres of this liquid (minimum) 
are required to run the heat engine. CALFLO LT can be used for a temperature range of 
232 - 560 K. Liquid flowing through the coils of the heat collector cools down the air 
flowing through the clinkers. Thus, the number of fans required to move the air through 
the clinkers reduces. The power consumed by the centrifugal fans can be used to run the 
MHE circulating pumps.  
The equipment discussed and the estimated cost of this pilot project is based on a 
90 kW unit. This unit can run continuously when connected to a cement plant with a 
capacity of 600 ton-clinker per day. The first column of the Table 6.3 shows the list of 
major components required to build the MHE heat recovery system. The second column 
indicates the cost of each component. Major required assembly costs are also considered 
in this table. As mentioned earlier, the prices presented in this thesis are based on 
quotations from vendors and past purchases. An approximation is used only for 
installation time. 
Air at a typical cement plant leaves the cooler at a temperature of 482 - 513 K. 
The maximum temperature of the heat transfer fluid never exceeds the hot air 
temperature. However, the liquid temperature can have lower values by increasing the 
liquid flow rate through the coils of the heat collector. The available air flow rate from 
the cooler is about 0.94 kg/kg-clinker at a temperature of 487 K (Engin and Vedat, 2005). 
The air enthalpy at this temperature is 220 kJ/kg. The reference temperature (dead state) 


































































































































































































































































































































































































Figure 6.3: Schematic of heat recovery system from cement plant with the MHE. 
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Assembly Cost 50,000 1 50,000 2.36 GEC PL 










List of acronyms in the last column: Q: Quotation; PI: Past Invoice; PL: Price list. 
Stainless steel coils are required to collect the heat from the cooler exhaust gas. 
The heat sink tube bundle of the MHE is also made of stainless steel coils cooled by lake 
water (Figure 6.3). The estimated cost of manufacturing for a 90 kW MHE is $2.121 
million (see Table 6.3). Estimated OM is $65,000 per year, which is about 3% of the 
manufacturing cost (Nelson et al., 2006). The MHE OM cost is close to that of other 
renewable energy systems such as wind turbines, because it does not operate at very high 
temperatures. The present value of the OM cost is added to the purchased equipment 
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costs. Costs of engineering and licencing are estimated to be 10% of the purchased 
equipment costs ($210,000) (Bejan et al., 1996).  
For an operational period of 20 years, the cost of electric power output from the 
heat engine is 0.23 $/kWh. The  ̇    value for this case is 0.11 $/s. In this calculation, it is 
assumed that cost associated with exergy loss associated with the heat is zero (see 
Equation 5.116a). Cost of removing the system after 20 years is assumed to be equal to 
the salvage value of the equipment.  
The price of electricity produced by the MHE is calculated for a specific case. It is 
concluded that the application of the MHE in industrial facilities can be commercially 
viable. The MHE converts low grade energy into electricity, which is high grade energy. 
Electricity can be used at the same industrial plant or transferred to the residential 
communities that are located close to the plant. The amount of available waste heat has a 




Chapter 7 : RESULTS AND DISCUSSION 
7.1 Heat Transfer Liquid of MHE 
 Water can be used as heat transfer liquid for many industrial applications due to 
its high thermal conductivity and specific heat capacity, as well as high density and 
moderate viscosity. However, application of water as a heat transfer fluid is limited to 
273 - 373 K at atmospheric pressure. By adding antifreeze (polypropylene glycol) to the 
water, the application of the heat transfer fluid can be extended to below freezing point 
(Wu et al., 2001).  
In the present prototype, the liquid transferring heat into and from the system is a 
mixture of polypropylene glycol with water. The maximum operating temperature for the 
engine is 368
 
K. The minimum heat sink temperature for the tests is 278 K. Therefore, it 
is possible to use pure water for the current tests. Since the dry cooler is located outside 
the building, where the winter ambient temperature reaches below 273 K, W/G mixture is 
used as the heat transfer fluid. Table 7.1 shows the values of the W/G mixture freezing 
points at different concentrations of polypropylene glycol. The W/G mixture is a suitable 
heat transfer fluid at low temperatures. The liquid used in the present system has about 
50% polypropylene glycol mixed with water, resulting in a minimum MHE operating 
temperature of about 240 K. 
Table 7.1: Values of W/G freezing points at different concentrations of polypropylene glycol. 
Polypropylene Concentration 
(Vol. %) 
20 25 30 35 40 45 50 55 
Freezing Point (K) 266.0 263.0 259.9 256.4 252.2 26.8 239.9 231.2 
































































Figure 7.2: W/G specific heat variation at different temperatures (Vol. %), (ASHRAE, 2009). 
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Figure 7.1 shows the effect of temperature variations on the density of the W/G 
mixture. An increase in the concentration of the polypropylene glycol results in an 
increase of the mixture density; it can be noticed that increasing the fluid temperature 
lowers the W/G density.  
Figure 7.2 indicates the effect of temperature variation on the specific heat 
capacity of the W/G mixture. Increasing the temperature does not have a significant 
effect on the specific heat capacity of the W/G mixture. In the current mixture (50 - 50% 
W/G), the lowest specific heat capacity is 3.3 kJ/kgK at a temperature of 253
 
K. The plot 
in Figure 7.2 shows that increasing the glycol concentration in the mixture lowers the 
specific heat capacity of the mixture. Therefore, the concentration of the polypropylene 
glycol has to be kept as low as possible. 
Figure 7.3 presents the variation of dynamic viscosity of the W/G mixture at 
different operating temperatures. The change in dynamic viscosity affects the Reynolds 
number; reduction of the dynamic viscosity results in increasing the Reynolds number. 
As this figure shows, increasing the liquid temperature reduces the dynamic viscosity of 
the fluid. The heat transfer fluid in the MHE is circulated between the hot and cold heat 
exchangers. Thus, when the liquid flows from the hot/cold side to the other side, it 
encounters a sudden temperature change. The W/G mixture can withstand these 


























Figure 7.3: Changes of W/G dynamic viscosity at various temperatures (Vol. %), (ASHRAE, 2009). 
 












































When the MHE operates at higher temperatures (Th = 473 - 513 K), the W/G 
mixture cannot be used as the heat transfer fluid. The fluid has to stay in the liquid phase 
at a temperature range of 272 - 513 K. If the heat recovery temperature is outside the 
above range, the liquid flow rate needs to be adjusted to a higher value for the purpose of 
achieving maximum energy efficiency. Thus, having a fluid that stays in liquid phase 
within a wide operational range can help to obtain high efficiencies. 
 
Figure 7.5: Changes of vapor pressure and thermal conductivity of CALIFO LT at various 
temperatures, (Petro-Canada, 2012). 
Since the heat transfer fluid in the MHE is subject to thermal shocks, it needs to 
have strong chemical bonds to avoid degradation. The heat transfer liquid selected for 
high temperature (maximum 561 K) applications is CALFLO LT, which is synthesised 
















































in liquid phase and is chemically stable at temperatures up to 598 K (Petro-Canada, 
2012). CALFLO LT can be pumped at temperatures as low as 233 K. Figure 7.4 shows 
the changes in specific heat capacity and density of CALFLO LT at various temperatures. 
The specific heat capacity of CALFLO LT increases as the temperature rises.  
Figure 7.5 shows changes in thermal conductivity and vapor pressure of CALFLO 
LT at various temperatures. The fluid has very low vapor pressures at temperatures below 
432 K; however, this value changes considerably beyond this point. This figure also 
indicates that temperature changes do not have major effects on the thermal conductivity 
of this thermal oil. 
7.2 Heat Stored in Heat Exchanger Components 
The function of an MHE heat exchanger reverses after each operational cycle and 
some energy is required to heat up the tubes and shell when a heat exchanger switches 
from cooling to heating mode. If the amount of available heat is enough to switch the 
cycles quickly, the shell temperature does not reach the tube bundle temperature. 
However, if the cycle period increases, the shell temperature can become close to the 
temperatures of the tube bundle and compressed air.  
The specific heat capacities of the stainless steel and carbon steel are 490 J/kgK 
and 440 J/kgK, respectively. Thus, a considerable amount of energy is required to heat up 
the heat exchanger equipment after each operational cycle. The same condition exists for 
heat exchangers switching from a heating to a cooling cycle. Figure 7.6 shows the total 
amount of heat stored by the shell and tubes at different operational conditions. Tables 
4.1 and 4.3 show the specifications used for this figure. When the heat source and heat 
sink temperature differential increases, the amount of heat stored in the shell and tubes 
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rises. A reduction in the weight of materials can decrease the amount of energy and time 
to impose temperature changes. For instance, using thin wall tubes for the tube bundle 
can be a solution to reduce the amount of heat stored in the tubes. The wall thickness can 
be reduced to the point where it meets the minimum mechanical and safety requirements. 
 
Figure 7.6: Total heat stored in shell and tubes at various heat sink and source temperatures. 
Figure 7.7 shows the thermal conductivity variations of stainless steel 304 and 
carbon steel within a temperature range of 253 - 373
 
K. Stainless steel tubes are directly 
exposed to the hot and cold liquids. Therefore, the stainless steel tubes reach a liquid 
temperature in a short time frame. As this graph indicates, the values vary between 13.8 - 
16.1 W/mK. In the developed model, the stainless steel thermal conductivity is 








































Figure 7.7: Changes of tube bundle and shell thermal conductivities at various temperatures. 
 























































The shells of the heat exchangers are exposed to compressed dry air. The outer 
surfaces of the shells are covered by fibreglass insulation. During charging mode, the 
charging time does not allow for the shell to reach liquid temperatures. Therefore, the 
shell temperature variations are lower than the tube bundle temperature variations. As 
Figure 7.7 shows, the maximum difference between thermal conductivity values of the 
shell material is about 7%. 
Figure 7.8 shows the variations of the specific heat capacities of the carbon steel 
and stainless steel at different temperatures. The minimum specific heat capacity values 
for carbon steel and stainless steel 304 are 413 J/kgK and 442 J/kgK, while the maximum 
values are 466 J/kgK and 505 J/kgK, respectively. Both metals show a similar trend in 
their specific heat capacity with increasing temperatures. Since the temperature variations 
of the tube bundle are wider than those of the shell, it is critical to use materials with 
lower specific heat capacities for the tube bundles. 
The heat exchanger headers are in direct contact with the heat transfer fluid. Thus, 
the temperature of the headers changes rapidly, compared with the shells, as the heat 
exchanger switches the operational mode. Figure 7.9 indicates the amount of heat that 
needs to be removed by the W/G mixture to change the header temperature (see Table 4.5 
for the specifications). The main front flange of the heat exchanger has a thickness of 32 
mm. About 60% of the header weight belongs to the main front flange. Therefore, 
reducing the flange weight, to the point where it meets the minimum mechanical and 
safety requirements, reduces energy absorption by the main flange. Internal insulation of 




Figure 7.9: Energy required to change header temperature from various heat sink temperatures 
during one heating cycle. 
 
Figure 7.10: Energy required to change compressed air temperature from various heat sink 
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Figure 7.10 indicates the amount of heat stored in the compressed dry air during 
the charging period to reach the heat source temperature. The initial pressure is assumed 
to be 1,379 kPa and the initial air temperature is assumed to be equal to the heat sink. 
This value of the energy is low in comparison to the heat stored in the heat exchanger 
components (see Figures 7.6, 7.9 and 7.10). 
7.3 Air Temperatures and Pressures Measurements from Prototype 
This section reports on the air temperature and pressure changes during charging 
and discharging modes. The first three figures show the temperatures and pressures 
recorded during the experiments. The developed heat transfer model for the MHE heat 
exchangers is validated against the earlier models in the open literature. In the next step, 
the obtained results from the new model are compared with the measured data from the 
present prototype. Once the accuracy of the model is verified, key parameters, which 
significantly affect the increase of the heat transfer rate and reduction of waste heat, are 
identified. As shown in the second case study, the heat exchangers have the highest share 
of the total cost of the heat engine. Additionally, the energy wasted within the heat 
exchangers is considerably high.  
Figure 7.11 shows the air pressure changes inside heat exchanger 3 and 4. The 
pressure measurements show a sharp pressure rise in heat exchanger 4 during the first 60 
seconds. After this point, the gas pressure gradually increases for almost 320 seconds. 
This is because, in the hot heat exchanger, the temperature of the shell is lower than the 
gas, as a result of the previous cooling operational cycle. Therefore, during the first 60 
seconds, energy from the liquid is absorbed by the gas in a short period, due to the large 
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temperature differences between the gas and liquid. However, after this time interval, 
compressed air acts as a conductor between the shell and tube bundles. Thus, the pressure 
of the gas gradually increases. In the cold shell, after about 180 seconds, the air pressure 
gradually decreases. When the pressure differential between the shells is almost steady 
(after 320 seconds), the automated air valves connect the high and low pressure shells. 
Air flows from the hot to the cold heat exchanger for 26 seconds. The actuator stops 
working and discharging mode finishes when the pressure difference between the shells 
is not enough to move the piston. 
Figure 7.12 shows the air pressure and temperature variations during one 
operational cycle. Before the data collection, the MHE was continuously operated. Data 
collection started when the piston stopped moving and the air pressures inside the shells 
were almost equal to or less than 48 kPa. The initial air temperatures, inside heat 
exchangers 1 and 2, measured as 295 K and 335 K, respectively. From the time that the 
hot and cold fluids started flowing through the heat exchangers, the temperature of the 
compressed air remained static for almost 30 seconds. The reason for this lack of change 
is that when a heat exchanger switches operation from hot to cold or vice-versa, tube 
bundles have to reach liquid temperatures. Therefore, during the first 30 seconds of the 
operation, the air temperature does not considerably change. After this period, the air 
temperature starts to change until heat exchangers 1 and 2 reach 332 K and 298 K, 
respectively. After about 260 seconds the air temperature inside the cold heat exchanger 
is almost steady. However, in the hot heat exchanger the air temperature slightly rises for 
almost 415 seconds (until operation starts). This is because the cooling fluid introduced to 
heat exchanger 2 has a higher flow rate than the heating fluid. Moreover, the temperature 
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of the cooling fluid is 293 K, which is very close to the ambient temperature (295 K), 
while the heating fluid has a temperature of 357 K, which is considerably higher than the 
ambient temperature. Thus, the rate of heat absorption by the coolant and the cold shell is 
lower than the heat loss from the heating fluid and hot shell. 
After 415 seconds, the automated ball valves were opened and the piston 
revolutions started for 24 seconds. During this period, W/G mixture was flowing through 
the tube bundles to maximize the air mass transfer and to keep the expansions and 
compressions almost isothermal. As data in Figure 7.12 show, the air temperature change 
is less than 1 K during the discharging mode. 
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Figure 7.12: Temperature and pressure changes of one heat exchanger pair during one charging and 
discharging period. 
Figure 7.13 illustrates the air pressure changes inside heat exchangers 1 and 2, 
during five sequential operational cycles. The given time for the charging process was 
180 seconds. The ambient temperature inside the laboratory was 295 K and the liquid 
temperature was 291 K. The minimum and maximum measured temperatures of the 
compressed air were 292.2 K and 331.8 K, respectively. The equalization pressure of the 










































As the collected data in Figure 7.13 indicates, the maximum air pressure inside 
heat exchanger 1 was 1,164 kPa. However, the maximum pressure during the fifth 
operational cycle measured as 1,133 kPa. The reason for this pressure variation is the 
temperature variation of the heating fluid. The supplied W/G mixture into the hot heat 
exchangers during the test had temperature variations of about 3 K. The reduction of the 
pressure differential directly results in the reduction of the torque output from the piston. 
Figure 7.14 shows the variations of the compressed air pressures inside heat 
exchanger 3 and 4. The data was measured during five sequential operational cycles. The 
difference between the operational condition of this figure and Figure 7.13 is that, for this 
test, the hot and cold heat transfer fluids in heat exchangers 3 and 4 were switched after 
discharging mode. However, hot and cold fluids in heat exchangers 1 and 2 (Figure 7.13) 
stopped flowing through the tube bundles when the actuator stopped moving. 
The pressure differentials between two heat exchange pairs are compared in 
Figure 7.15. The equalization pressure of both pairs was approximately 1,080 kPa. Figure 
15 indicates the obtained pressure differentials between heat exchangers 3 and 4 were 
approximately 60 kPa more than the pressure differentials between heat exchangers 1 and 
2. This is because the hot and cold fluids flow through the tube bundles before the start-
up periods and before the heat exchanger components reach temperatures closer to the 






Figure 7.13: Pressure changes in one heat exchanger pair (1 and 2) during five sequential operational 
cycles. 
 









































Figure 7.15: Comparison between pressure differences of two heat exchanger pairs. 
 
7.4 Results from Transient Heat Transfer Model of MHE 
The developed heat transfer model predicts the temperature of the compressed air 
under various operational conditions and different flow regimes. In order to validate the 
new MHE model, the same constant values used in an earlier study by Yin and Jensen 
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Figure 7.16: Validation of MHE model versus model developed by Yin and Jensen (2003) during 
charging mode. 
In Figures 7.16 and 7.17 the changes in the tube wall and fluid temperatures over 
time are shown. The substituted values for constants are   
    
    and          
  
  . There is a close agreement, in Figures 7.16 and 7.17, between the MHE and the 
reference model. Therefore, the MHE model can also be used when t* ≥ 1. Heat is 
transferred through the compressed air inside the shell by natural convection during the 
first operational mode and forced convection during the second operational mode. 
Therefore, the   
  values have to cover broader ranges in comparison to the earlier 
models. In order to justify the model validity, the developed analytical model of the MHE 















Figure 7.18 shows the temperature distribution of the tube wall over the length of 
the heat exchanger. The wall temperature distributions are validated at three different 
values of t*. This figure indicates that the wall temperature increases over the heat 
exchanger length. The temperature distribution of the air (working fluid) is shown in 
Figure 7.19. This figure illustrates that the fluid temperature increases with time. The 
substituted values for      
 ,       
   and       
   are 300, 1 and 1, respectively.  
 




















Figure 7.18: Validation of MHE model versus model developed by Yin and Jensen (2003) for changes 
of tube wall temperature with tube length. 
 
Figure 7.19: Validation of MHE model versus model developed by Yin and Jensen (2003) for changes 




































One way to decrease the required time to reach a maximum air temperature is to 
decrease the      
  values. A reduction in      
  decreases the time to reach an almost 
constant wall temperature (see Figure 7.20). One method to decrease      
  is to reduce 
the tube wall thickness and consequently the weight of the heat exchangers tube bundle. 
The other method of decreasing      
  is to select the tube materials from materials with 
lower specific heat capacities, such as copper. Figure 7.21 is an example which shows the 
effect of using copper and stainless steel 304 in the tube bundle. The higher      
  value 
belongs to stainless steel and the lower value belongs to copper. This effect is 
considerable when the flow inside the tubes is laminar. When the Reynolds number of the 
fluid inside the tubes increases, this effect is not significant (Re > 10,000). This indicates 
that the Reynolds number on the tube side has to be considered during the design phase 
when specifying tube bundle materials.  
Since the shell is evenly filled with stainless steel tubes, it is assumed that the gas 
temperature inside the shell is uniform. The   
  values in Figures 7.22 are calculated 
under different shell pressures. The air convection coefficient has a higher value under 
higher shell pressures. Therefore, increasing the operational pressure increases the heat 
transfer rate through the air. The temperature differential between the tube wall surface 
and the compressed air is the other important parameter that increases the air convection 
coefficient, which effects   
 . As time passes, during the charging period, the tube surface 
temperature and air temperature become closer. The values of the      
  and   
  in this plot 




Figure 7.20: Changes of compressed air temperature over time at three different      
  values 
 
Figure 7.21: Changes of compressed air temperature versus time at two different      


























Figure 7.22: Changes of compressed air temperature over time at three different   
  values. 
 
Figure 7.23: Changes of compressed air temperature over time at three different   


























Figure 7.24: Changes of tube wall temperature over time at two different      
  values. 
 
Figure 7.25: Changes of compressed air temperature over time at two different      



























 Figure 7.23 shows the air temperature changes versus time at various   
  values. 
The liquid flow rate inside the stainless steel tube has a direct effect on variation of   
 . 
The values of   
  were found for laminar and turbulent flows. Calculations showed that 
variations of the liquid flow rate have a noticeable effect on the   
  values. The lowest   
  
value belongs to laminar flow and the other two values are calculated based on turbulent 
flows inside the tubes. At high flow rates (turbulent), the effect of changing flow rates 
does not have a noticeable effect on gas temperature. However, at lower flow rates this 
effect appears to be more significant. Figures 24 and 25 show the changes of the wall and 
air temperatures when   
    
   . Both figures indicate that the wall temperature 
reaches higher values after a certain time. 
The heat transfer model predicts the air temperature changes during the 
operational mode (step change in mass flow rate). During this mode, the ball valves, 
which are located at the inlet/outlet of the shells, are opened and air mass transfers from 
the high to the low pressure shell. Through this process, the heat exchangers continue to 
be cyclically heated and cooled down. The fluid flow inside the heat exchangers is 
turbulent. The heat exchangers are designed to operate with a flow rate of 1.07 l/s. 
However, 25% of this flow rate creates turbulent regimes inside the tube bundle. When 
the air ball valves are opened, air passes through the hot tube bundle and crosses the cold 
tube bundle. Since the piston has various velocities over the operational period, the 





Figure 7.26: Validation of MHE model with developed model by Yin and Jensen (2003) for wall 
temperature variations at different air mass flow rates. 
 
Figure 7.27: Validation of MHE model with developed model by Yin and Jensen (2003) for air 
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Figures 7.26 and 7.27 show the tube wall and fluid temperature trends for four 
different mass step changes. The MHE model is validated by close agreement with 
experimental data when the air mass flow rate through the tube increases and decreases. 
The substituted values for      
 ,       
   and       
   are 300, 6 and 6, respectively. When γ 
< 1, the wall and liquid temperatures increase. When γ >1, the wall and air temperatures 
drop during the charging period. 
Figure 7.28 indicates the change of air temperature over time at different γ values. 
The substituted values for      
 ,       
  and       
  are 500, 5 and 5, respectively. As 
expected, this figure indicates that, when a larger mass flow rate step change is imposed, 
the temperature differential is greater. It can also be observed that increasing the γ value 
results in increasing the required time to reach a steady temperature within the 
compressed air. 
Figure 7.29 represents the dimensionless air temperature changes versus 
dimensionless time at various γ values (between 0 - 1). As this figure shows, when γ 
values are closer to 1, reaching a steady temperature occurs within a shorter time interval, 
compared with the larger mass flow rate step changes. This indicates that, if the piston 
strokes are controlled to impose smaller step changes, the process can be more easily 
maintained as isothermal. 
Figure 7.30 shows the air temperature variations versus time when the air mass 
flow rate is reduced. The difference between the imposed step changes is 0.8. When the 
value of γ moves closer to 1, reaching steady temperatures requires less time. Thus, it is 
predicted that using piston assemblies with smaller cylinder volumes makes the 
expansion/compression process almost isothermal. The obtained experimental graphs 




Figure 7.28: Variation of compressed air temperature over time at four different γ values. 
 














ɣ = 0.2 
ɣ = 0.8 
ɣ = 1.4 












ɣ = 0.1 
ɣ = 0.5 




Figure 7.30: Variation of compressed air temperature over time at three different γ values. 
7.5 Comparing Experimental with Heat Transfer Model Results 
Figure 7.31 compares the collected experimental data against the obtained results 
from the developed heat transfer model during the heating mode. The heating fluid for 
this test was 350 K. At t = 0 s, the air temperature inside the shell was 296.1 K and after 
180 seconds the compressed air temperature reached 340.6 K. The overall rise in 
temperature is measured as 44.5 K. The same initial air pressure and temperature were 
used to determine the trend of the temperature increase for the compressed air inside the 
shell using the heat transfer model. The trends for the temperature increase in both curves 
are similar. Based on the model prediction and measured data, after 180 seconds the air 
temperatures inside the tank stayed almost at constant levels. The MHE model shows the 
same trend during the charging period. However, the model predicts final air temperature 
as 348.7 K. Therefore, the maximum difference between the model and experimental 
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Figure 7.31: Comparison between measured data and MHE model during heating mode. 
 



















































Figure 7.32 compares the collected experimental data against the obtained results 
from the developed analytical model, during the cooling mode. The data was measured 
over a time period of 180 seconds. The cooling process started from a temperature of 334 
K. The minimum air temperature measured as 298 K. However, the analytical model 
predicted a minimum temperature of 287 K for the compressed air inside the shell. 
Therefore, the maximum difference between the predicted and the final measured 
temperature was 11 K (23%). 
Figure 7.33 shows the cooling process of one MHE heat exchanger during 
charging mode. The cooling started at 333.1 K. The heat transfer model predicted that 
after 180 seconds the air temperature would be 291.4 K; however, the measured 
temperature was 294.2 K after 180 seconds. The temperature difference between the 
model and measurement is only 2.8 K (6.7%). 
The reason for the difference between the analytical model results and measured 
temperatures is the temperature differential between the tube and shell surfaces. The shell 
surface temperature is higher than the tube temperature; thus, the compressed air has a 
higher temperature than the model. By comparing the experimental and theoretical results 
presented in Figures 7.31 - 7.32, it is concluded that when the operational temperature is 
closer to the ambient temperature, the developed model will show higher accuracies due 





Figure 7.33: Comparison between measured data and MHE model during cooling mode. 
 















































Figure 7.34 shows measured air pressures during the charging mode inside the 
shell. The supplied heat transfer fluid to the heat exchanger was at a temperature of 344.2 
K. The initial air pressure and mass inside the shell were 1,029 kPa and 2.83 kg, 
respectively. The final measured and modelled pressures of the air inside the shell were 
1,166 kPa and 1,233 kPa, respectively. The broken line in Figure 7.34 shows the 
maximum air pressure based on the measured air temperature. There is only 24 kPa 
pressure differential between the modelled and measured pressures (Tfin = 331.1 K). This 
difference occurs because ideal gas laws is applied to find the air pressure, while 
assuming that no moisture exists in the compressed air composition. Moreover, the air 
temperature is read from the center of the tube bundles; however, the pressure sensors 
read the overall pressure changes inside the shells. Thus, the temperature differences 
between the shell and tube bundles appear in the measured and modelled pressures. 
Figure 7.35 shows the measured air pressures during the cooling mode. The solid 
line shows the analytical model results for a minimum fluid temperature of 292.2 K. The 
air mass at the beginning of the process is estimated to be about 2.47 kg. The broken line 
in this plot represents the pressure drop calculated from the measured gas temperatures. 
The difference between the broken line and experimental data represents possible 
inaccuracy due to use of ideal gas laws and errors in measuring heat exchanger 
dimensions. The cooling process started at a pressure of 1,036 kPa. The model predicted 
a minimum pressure of 899 kPa after 180 seconds. However, the experimental data 
showed a minimum of 929 kPa after 180 seconds. The maximum pressure difference 





Figure 7.35: Comparison between measured data and MHE model during cooling mode. 
 











































Figure 7.36 displays the pressure differential during one charging period. In this 
plot, measured data is compared with the modelled data of the MHE. At the beginning of 
the process, the pressure differential between the two shells was 7 kPa. The reason for 
this threshold pressure is the friction between the piston seals and cylinders. The 
maximum pressure differential predicted by the model is 331 kPa. However, the 
measurements indicate that the maximum pressure differential is 237 kPa. There is 
approximately 28% difference between the theoretical and experimental results. 
Therefore, it can be concluded that if the amount of stored heat in the shell is reduced, the 
higher pressure differential between the shells can increase by approximately 28%, 
resulting in greater piston torque. 
 
Figure 7.37: Pressure differences between the cold and hot heat exchanger shells at various heat 
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Figure 7.38: Pressure differences between the cold and hot heat exchanger shells at various heat 
source temperatures (      = 1,862 kPa). 
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The compressed air mass stored inside the heat exchangers varies with 
temperature and initial charging pressure. Figures 7.37 and 7.38 illustrate the pressure 
differentials at the same operational conditions (temperatures) at two different initial 
pressures. Comparing these figure they demonstrates that increasing the initial charging 
pressure inside the shells results in higher pressure between the shells and higher torque 
and power outputs from the actuator. 
7.6 Torque Output from Piston Assembly 
In this section, the relations between the torque output from the piston and 
pressure differentials on the opposite sides of the cylinder are presented. Figure 7.39 
shows the torque output from the piston assembly with two different diameters and 
configurations (single and double rack). The data source for this figure is Parker (2001). 
Increasing the pressure differential on opposite sides of the piston increases the piston 
torque output. Pressure differentials on the opposite sides of the piston assembly depend 
on the initial charging pressure of the system and the temperature differential between the 
heat sink and the source. Selection of the piston size and configuration is directly related 
to the shell volume, heat source and heat sink temperatures. When the piston diameter is 
increased, the amount of torque output, within a constant time interval, increases; thus, 
the power output from the piston rises. However, the discharging time by the pistons has 
to be controlled to provide enough time for the charging process of the other heat 
exchanger pairs. 
7.7 Exergoeconomic Analysis of MHE 
The exergoeconomic factor of the MHE transmission and generator are 
calculated. The results obtained from the exergoeconomic analysis indicate that the 
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operational temperatures do not have direct effects on the exergoeconomic factor of the 
transmission and generator (      ) at a constant power output. This is because the 
exergy efficiency of the transmission system does not significantly change with the heat 
source and sink temperatures. The only parameter that creates minor changes in the 
overall exergoeconomic factor of the transmission system and generator is the friction 
loss of the bearings. At higher speeds, the exergy destruction within the transmission 
slightly increases (< 5%). The reason is that total effect of the friction loss of the bearings 
is less than 10% of the overall generator and transmission efficiency. All the losses that 
occur through the transmission and generator are mechanical and electrical; therefore, 
their energetic and exergetic values are equal. The exergoeconomic factor of the present 
transmission system and generator is about 0.62 (see Equation 5.122 and Table 5.4). 
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The exergoeconomic factor (    ) is also calculated for the MHE. The results 
indicate that when the exergy destruction rate (  ̇   ) within the system increases,      
decreases. The major sources of the exergy destruction within the MHE are exergy losses 
associated with heat loss and exergy consumption by internal equipment such as the 
pumps and control system. Figure (7.40) shows the exergoeconomic variations with an 
exergy destruction rate within the system at two different transmission system 
efficiencies. The operational temperature range for the MHE is assumed to be 282 K and 
514 K, respectively. As Figure (7.40) illustrates, the maximum exergetic factor for this 
system does not go beyond 0.45. This number considerably decreases when the exergy 
destruction rate within the system increases. The plots also indicate that at high rates of 
exergy destruction, the effect of transmission efficiency on the exergoeconomic factor 
diminishes.  
7.8 Optimization 
 The first and second case studies were performed for a tube bundle with tube 
outer diameters of 19.05 mm and 12.70 mm. The maximum diameter of the inner shell 
was specified to be 314 mm. The maximum number of tubes that can be fitted into this 
shell for the first and second case were 33 and 58, respectively. Figure 7.41 shows the 
number of tubes and tube lengths that produce the optimal points. Figure 7.42 shows the 
Pareto of the optimal points. Results from these two figures help the system designer to 
select the maximum possible area for the heat exchanger with minimum cost. Figure 7.43 
shows the tube length and numbers that generate the optimal points. Figure 7.44 shows 




Figure 7.41: Optimum length and tube numbers when tube outer diameter is 19.05 mm and 
maximum shell diameter is 314 mm. 
 
Figure 7.42: Distribution of Pareto-optimal points solutions from genetic algorithm optimization 
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Figure 7.43: Optimum length and tube numbers when tube outer diameter is 12.70 mm and 
maximum shell inner diameter is 314 mm. 
 
Figure 7.44: Distribution of Pareto-optimal points solutions from genetic algorithm optimization 
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Comparing Figures 7.41 and 7.42 with Figures 7.43 and 7.44 indicates that when 
the tubes have a diameter of 12.70 mm, the effective heat transfer area that can be 
obtained inside a constant shell volume is greater than tubes with a diameter of 19.05 
mm. In addition, when tubes with smaller diameters are used in the tube bundles, the 
occupied volume occupied by the tube bundle decreases for a specific heat transfer area. 
Therefore, the remaining free volume inside the shell is greater. When the occupied 
volume by the tube bundle is reduced, higher levels of working fluid can be stored inside 
the shell. 
7.9 Efficiency of Marnoch Heat Engine 
In this section, changes of Carnot, energy and exergy efficiencies of the MHE 
under various operational conditions are studied. Figure 7.45 shows the maximum energy 
efficiency of the MHE when the initial charging pressure is 3,447 kPa. This graph 
indicates that the maximum energy efficiency of the MHE with the current mechanical 
design does not go beyond 20%. Figures 7.46 and 7.47 show changes of the Carnot and 
energy efficiencies under various sink and heat source temperatures at two different 
initial pressures. Increasing the heat source temperature raises the Carnot and energy 
efficiencies of the system with each figure belonging to a certain initial operational 
pressure. A comparison between Figures 7.46 and 7.47 indicates that increasing the initial 
operational pressure increases the energy efficiency of the MHE. However, the initial 
pressure has no effect on the Carnot efficiency of the MHE. Internal power consumption 




Figure 7.45: Variation of the MHE energy efficiency at various heat source temperatures (Pini = 3,447 
kPa). 
 
Figure 7.46: Variations of Carnot and energy efficiencies of the MHE at various heat source 









































































Figure 7.47: Variations of Carnot and energy efficiencies of the MHE at various heat source 
temperatures (Pini = 1,861 kPa). 
 
Figure 7.48: Variations of energy and exergy efficiencies of the MHE at various heat sink 



































































Figure 7.49: Variation of exergy efficiency of the MHE at various heat source temperatures (Pini = 
1,447 kPa). 
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Figure 7.48 shows changes of energy and exergy efficiencies of the system at 
different ambient temperatures (267 - 295 K). The efficiency variations are less than 1%. 
At lower temperatures, the overall heat loss from the system increases; therefore, energy 
and exergy efficiencies of the MHE do not significantly increase (see Equations 5.109 – 
5.112 for efficiency definitions). 
Figures 7.49 and 7.50 show the changes of exergy efficiency with heat source 
temperatures at initial pressures of 1,447 and 1,861 kPa, respectively. Increasing the heat 
source temperature increases the exergy efficiency of the system. Additionally, it can be 
observed that the system working at higher pressures has higher exergy efficiency. Since 
the exergetic value of the heat that is consumed to produce electricity is lower than its 
energetic value, the exergy efficiency in the MHE is higher than the energy efficiency 
(See Equations 109 - 112).  
 
Figure 7.451: Variations of energy and exergy efficiencies of the MHE at various pressure difference 
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Figure 7.51 shows the changes of exergy and energy efficiencies of the system 
with respect to the pressure differentials. The heat sink temperature is assumed to be 
constant (272 K) and the heat source temperature varies between 352 - 512 K. The 
ambient pressure is assumed to be 103 kPa. This figure indicates that the energy and 
exergy efficiencies of the system have higher values when the pressure differential 
between the shells reaches higher values. 
 




Chapter 8 : DEVELOPMENT OF NEW DESIGNS FOR 
SYSTEM COMPONENTS 
In this chapter, new system designs are discussed for the purpose of increasing the 
power output and efficiency of the MHE. The system designs discussed in this section 
need to be considered based on the amount of available heat, heat source and sink 
temperatures, available area for the MHE installation and maximum budget for the 
project. Three novel heat exchanger designs are discussed to increase the power output 
and efficiency of the heat engine. A new double layer shell design is proposed to reduce 
the required charging periods. In the final section of this chapter, modification of the 
transmission system for higher power absorption from the actuator is discussed. 
 8.1 Changing Tube Material to Reduce Heat Stored in Tube Bundle  
Application of the materials with lower specific heat capacities can significantly 
decrease the charging period and consequently increase the total power output. This 
effect was shown in Chapter 7 (variations of      
 ). The total heat capacity of the tube 
bundles can be reduced by several methods, such as reduction of tube length, number of 
tubes and the use of materials with lower specific heat capacity. Most of the solutions, 
which relate to tube geometries, result in the reduction of surface area. The focus of this 




The present tube bundles of the MHE are made of stainless steel 304. The three 
reasons for this selection are: i) this type of stainless steel has a lower cost compared to 
some other materials; ii) it is durable in hot and humid atmospheres; iii) it can be cut and 
welded more easily than type 316. The specific heat capacity of stainless steel 304 is 485 
J/kgK at 322 K, which is higher than type 316 (476 J/kgK at 322 K). Thus, application of 
stainless steel 316 results in shorter charging periods and higher power outputs. 
Moreover, this type of steel has higher durability in hot and humid places; hence there 
will be no fouling issues when stainless steel 316 is used. However, using stainless steel 
316 increases the manufacturing cost of the tube bundles. 
The alternative material for the tube bundle is copper, which has a higher thermal 
conductivity (399.2 W/mK at 322 K) in comparison to stainless steel 304 (15.3 W/mK). 
It also has a lower heat capacity than stainless steel. Specific heat capacity of the copper 
at 322 K is 387 J/kgK. Using copper as a replacement for stainless steel 304 can reduce 
the charging period by 22%. The price of the raw materials is very close to stainless steel 
304; thus, the manufacturing cost of the tube bundles for stainless steel 304 and copper 
do not significantly differ (McMaster, 2012). When the copper tubes are used for the tube 
bundle, humidity creates a fouling problem. In order to avoid this issue, heat exchangers 
have to be heated and capped after manufacturing. In addition, the air used as the 
working fluid must contain no moisture. The liquid flowing through the tube bundles is 
W/G mixture or thermal oil, which results in no corrosion inside the tubes. Hence it is 




8.2 New Designs to Reduce Heat Loss from Compressed Air 
Heat transfer between the shell and compressed air inside the shell reduces the 
pressure differentials between the hot and cold shells. Therefore, torque output from the 
actuator and consequently power output from the generator decreases. As shown in 
Figure 7.29, the final pressure differential from the MHE heat transfer model differs by 
28% from the measured pressure. The reason for this variance is the unwanted heat 
transfer between the shell and compressed air. In this section, the measured data from the 
heat exchangers is thermodynamically analysed to find the maximum pressure 
differential that can be made between shells. 
Table 8.1: Experimental conditions during data collection from heat exchangers. 
Parameter Value 
Ambient (Outdoor) Temperature (K) 284.3 
Room Temperature (K) 294.6 
Ambient Pressure (kPa) 103 
Coolant Temperature (K) 285.1 
Heating Fluid Temperature (K) 353.8 
 
The operational condition of the engine during the experiment is provided in 
Table 8.1. The presented data was collected when the MHE operation started. The 
presented values in Table 8.2 are estimated based on the heat exchanger materials, which 
are available in Chapter 4. The amount of compressed air inside the shells is estimated by 
using ideal gas laws. The database of EES (version 2011) is used to calculate the specific 
heat capacity of the materials. The variations of the specific heat capacity of metals and 
fluids, within a temperature range of 285.1 - 353.6 K, are assumed to be negligible. 
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Table 8.2: Estimated specific heat capacities of different componenets of one heat exchanger. 
Description Specific Heat Capacity (J/kgK) 
Air Mass (at 298.1 K and 1,034 kPa) 721 
Thick Shell (carbon steel) 433.3 
Thin Shell (carbon steel) 433.3 
Header (carbon steel) 433.3 
Tube Bundle (stainless steel) 475.6 
  Source: EES databases (2011). 
At the first stage, the heating and cooling fluids were passed through heat 
exchangers one and two, respectively. After 30 minutes, temperatures of the fluid at the 
inlet/outlet, header surfaces and shell surfaces were almost steady. At the second stage 
cold and hot heat exchangers were switched. Measured temperatures from the heat 
exchangers are presented in Table 8.3. 




After 30 min 
Stage 2 
After 3 min 
Stage 3 
After 7 min 
Header Temperature (K) 
HE 1 294.6 339.8 330.1 317.1 
HE 2 294.6 285.6 300.1 304.1 
Shell Temperature (K) 
HE 1 294.6 320.2 312.1 309.6 
HE 2 294.6 293.8 297.8 299.1 
 
Table 8.3 shows that three minutes after switching heat exchanger one from a hot 
to cold operation, the header temperature fell by almost 10 K and the shell surface 
temperature decreased by 8 K. In heat exchanger two, temperatures of the header and the 
shell increased by 15 K and 1 K, respectively. The second set of data was collected seven 
minutes after switching heat exchangers. the last column of Table 8.3 shows that the shell 
surface temperatures of heat exchangers one and two changed by 10.6 K and 5.3 K, 
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respectively. This indicates that at the current fluid flow rates, the temperatures of the air 
and metals do not change when the liquids are switched. 
Moreover, Table 8.3 indicates that even if higher flow rates of the heating fluid 
are introduced to the heat exchangers, the temperature of the shell will stay around 321.1 
K. Moreover, if the temperature of the coolant remaines around 285.1 K, the temperature 
of the shell will remain around 294.1 K. The range of temperature change for the header 
is also between 285.6 - 339.8 K. In order to calculate the amount of heat stored in the 
tube bundle, it is assumed that the temperature of the stainless steel tube is equal to the 
liquid temperature. Thus, the temperature of the stainless steel tube varies between 285.6 
- 353.8 K. The maximum air mass used for the operation process inside each shell is 
about 3.1 kg. 
Table 8.4: Heat stored in individual components of one heat exchanger. 
Description Heat Stored (kJ) 
Air Mass (at 273.1 K & 1,034 kPa) 74 
Shell 1,417 
Header 2,496 
Tube Bundle 5,538 
Reduction of Heat Absorption 1,097 
 
Table 8.4 shows the amount of heat stored in the individual parts of the heat 
exchanger. Comparing these numbers indicates that the amount of heat stored in the 
compressed air is significantly smaller than the amount of heat stored in the components 
of the heat exchanger. 
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The minimum and maximum measured air temperatures were 298.1 K and 332.4 
K, respectively. The reason for this significant gap between the fluid and the compressed 
air temperatures is that the shell temperature does not change as rapidly as the heat 
exchanger switches the operational mode. The inner surface area of the shell is about 
25% of the tube bundle surface area. Thus, the shell surface temperature has a negative 
effect on the changing air temperature and consequently reduces the produced pressure 
differentials between the shells. 
Figure 7.12 shows the air pressure and temperature after seven minutes of 
operation. The minimum and maximum measured air temperatures are 298.1 and 332.0 
K, respectively. The maximum measured pressure is 1,344 kPa and the minimum air 
pressure is 974 kPa. By applying ideal gas laws during continuous operation and after 
transferring air mass, a pressure differential of 553 kPa for the operation process was 
predicted. This indicates that in the present heat exchanger configuration, the maximum 
measured pressure differential is about 70% of the maximum calculated pressure 
differential (for more information see Figure 7.36). In the following sections, three new 
shell designs are discussed to eliminate the negative effects of heat transfer between the 
shell and compressed air. 
8.2.1 Heat Exchanger with Ceramic Layer inside Shell 
As discussed earlier, one of the issues for the present heat exchangers is the heat 
stored in the shell. The heat exchanger design proposed in this section has a ceramic layer 
inside the shell to prevent heat transfer from the compressed air to the shell and vice-
versa. As Figure 8.1 shows, the applied ceramic layer inside the shell prevents the carbon 
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steel from direct contact with the compressed air inside the heat exchangers. Ceramics 
rather than other types of materials are used because they show high chemical stability 
under different operational conditions. Moreover, they have very low heat conductivity 
compared to metals. However, it needs to be noted that the heat conduction coefficient 
and the coefficient of thermal expansion of ceramics can vary in different crystal 
directions. For instance, the coefficient of thermal expansion of the graphite through a 
layer is            and between the layers is            , which is 27 times more 
than each layer. The reason for this characteristic is the hexagonal shape of the crystals. 
Table 8.5 shows thermal conductivity and specific heat of seven different ceramics. The 
materials with low thermal conductivities (< 10 W/mK) can be used in components that 
need to tolerate thermal shocks during their operation. Thus, they can be used as liners 
when a high thermal resistance is required. The lowest thermal conductivity between the 
presented materials belongs to the fused silica, which is a glassy form of quartz. This 
material is hard in the solid phase and has a very low coefficient of thermal expansion. 
Therefore, it can be directly used inside the shell to prevent heat transfer from the 
air/shell into the shell/air. 












Silicon Carbide 120 4 750 
Silicon Nitride 30 3.3 120 
Mullite 6 5.4 - 
YTZP 2 10.3 120 
TTZ 2 5-10 418 
Macor 1.5 12.6 790 
Fused Silica 1.4 0.55 740 




Figure 8.1: Schematic of a shell and tube heat exchanger with internal ceramic layer. 
The other recommended material for the current application is Macor. Macor is a 
white glass-ceramic, composed of approximately 55% fluorophlogopite mica and 45% 
borosilicate glass. Chemical composition of the Macor is given in Table 8.6. This glass-
ceramic is machinable with ordinary metal working tools and has a low thermal 
conductivity of 1.5 W/mK. The machinability of this material creates an opportunity for 
the easier manufacturing process of the heat exchangers. In order to apply this glass-
ceramic layer inside the carbon steel shell, a secondary tube-shaped Macor can be 
installed inside the shell. The liquid and gas inlets/outlets and gauge holes of the heat 
exchanger have to be machined to the desired dimensions and shapes. 
Due to the low thermal conductivity of this ceramic, the inner ceramic tube of the 
heat exchanger does not absorb considerable amounts of heat through the heating cycle. 
Thus, the negative temperature effects introduced by the carbon steel shell can be reduced 
by this method, and higher pressure differentials between the shells are produced. 
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Equally, when the heat exchanger enters the cooling mode, the air inside the shell cools 
down faster. Therefore, the power output from the engine increases. 
Table 8.6: Chemical composition of Macor. 
Material Approximate Weight (%) 
Silicon - SiO2 46 
Magnesium - MgO 17 
Aluminum - Al2O3 16 
Potassium - K2O 10 
Boron - B2O3 7 
Fluorine - F 4 
      Source: Europtec (2011). 
In addition to the low thermal conductivity, Macor has another advantage over 
some other types of materials. Macor has a glass phase that creates strong bonds between 
the grains. This glass phase makes this material suitable when the medium has small 
molecules, such as H2, He, etc., which cannot penetrate through the insulation layer and 
shell. 
8.2.2 Heat Exchanger with Rubber Liner inside Shell 
In order to reduce the heat transfer between the shell and compressed air, the 
shells need to be insulated from the inside. In this design, a rubber layer is installed inside 
the shell. The thermal conductivity of this liner at room temperature is approximately 
0.22 W/mK. During charging and operation modes, it acts as an insulation layer and a 
considerable amount of heat is not absorbed by the carbon steel shell. 
Figure 8.2a shows the cross-sectional schematic of a shell and tube heat 
exchanger, with a rubber liner inside the shell. The coefficient of the thermal expansion 
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of the rubber is higher than that of carbon steel. Rubber is a flexible material; therefore, 
no damage occurs in the shell or the rubber liner due to expansions and thermal shocks. 
The rubber liner is supported from inside by a helical coil (see Figure 8.2b).  











Rubber Liner Compressed Dry Air
(a) (b)
 
Figure 8.2: Cross-sectional schematic of a shell and tube heat exchanger, a) rubber liner inside the 
carbon steel shell; b) helical coil to support the rubber liner inside the shell. 
In this proposed design, silicon rubber is selected as the liner material. Silicon 
rubber has five advantages over other types of polymers: 
1. Low thermal conductivity; 
2. High flexibility; 
3. Wide operational range 217 - 573 K; 
4. High chemical stability; and 
5. High resistance to biodegradation. 
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The above mentioned properties of the silicon rubber make it a suitable candidate for use 
inside the MHE shells. 
8.3 Reduction of Heat Stored in Shells 
The design proposed in this section introduces a double layer shell filled with 
ceramic powders to reduce the amount of heat absorbed by the shell. In this new design, 
the thickness of the outer shell stays the same as the present shells. Three supporting bars 
attach a thin layer cylinder (2 mm) made of carbon steel to the shell. The gap between the 
thin layer and the tube is filled with fine ceramic (zirconia) powders. The shell, inner 
layer and supporting bars in this design are made of carbon steel, which makes the 
welding process easy and inexpensive. The powder has to tolerate external forces from 
the inner wall. Consequently, in addition to the grain thermal conductivity, grain size and 
hardness of the grains are important parameters for the powder selection. 
 The bars supporting the thin layer of the heat exchanger are welded to the shell in 
three separate pieces (see Figure 8.3). This results in a reduction of heat transfer through 
the bars to the outer layer shell. This also gives flexibility to the inner layer to expand and 
shrink with no damage to the shell. Thus, the inner layer has no destructive deformation 
through continuous operations.  
The gap between the thin layer and main shell is filled with fine, hard ceramic 
powder. This ceramic powder stores air between the particles, which lowers the overall 
thermal conductivity. Moreover, the force from the compressed air is transferred to the 
outer shell via hard ceramic particles. Therefore, the thin inner layer does not tolerate 
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high air pressures. ZrO2 is the selected material for this application. The ZrO2 grains do 




Outer Shell Layer Supporting Bars
Carbon Steel Inner Layer






Figure 8.3: Two views of shell and tube heat exchanger with double layer shell filled with ceramic 
powder, a) cross sectional view; b) side view of attachment bars. 
From the presented experimental and theoretical results (see Tables 8.1- 8.4), it 
can be concluded that by using the thin layer shell inside the main shell and filling the 
gap with a ceramic powder, the amount of heat absorbed by the heat exchanger shell can 
be reduced by 11.5%. The amount of heat stored in the thick shell is 1,417 kJ. The 
required energy to change the thin shell temperature within the same temperature range 
(298.1 - 332.4 K) is 320 kJ, which is 4.4 times lower than the thick shell. Moreover, by 
implementing this design, the maximum obtained pressure differential between the hot 
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and cold shell will be about 20% higher than the present assembly. Increasing the 
pressure differential has a direct effect on increasing the power output from the actuator. 
8.4 Increasing Heat Transfer Area with no Tube Bundle Modification  
In this design, a double layer shell is introduced to increase the effective heat 
transfer surface area. Thus, the required time for the charging process can be reduced and 
the negative heat transfer effects from the shell to the compressed air disappear. 
The tube bundle temperature changes occur faster than the shell temperature 
changes. The reason is that the flowing W/G mixture is in direct contact with the stainless 
steel tube bundle. When MHE heat exchangers switch cycle (from cold to hot or vice-
versa), the shell needs to be heated/cooled via natural convection through the compressed 
air, which is a slow process. By proposing the double layer shell design the heating and 
cooling processes occur faster than the present design. Because the flowing W/G mixture 
is in direct contact with the shells. By applying this new design, the effective heat transfer 
surface area is increased. Therefore, air can be heated up or cooled down faster compared 
with the single layer shells. For instance, if the existing heat exchangers are modified by 
this method, the effective heat transfer area increases by 3.56 m
2
, which is 29% more 
than the current area (see Tables 4.3 and 4.5 for the present assembly). This directly 
increases the heat transfer rate from the liquid to the gas, and vice-versa. 
As Figure 8.4 demonstrates, a fraction of the inlet liquid flows around the shell. 
Therefore, the shell temperature changes take place in shorter time intervals, compared to 
the present heat exchangers. In order to reduce the unwanted heat losses/absorptions 
from/into the ambient during charging and operation periods, the outer layer of the shells 
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needs to be well insulated. The insulation can be done with inexpensive materials such as 















Figure 8.4: Schematic of double layer shell for the MHE heat exchanger. 
One disadvantage of this design is that the overall heat stored in the shell 
components increases. This is due to the increase of the overall weight of the applied 
carbon steel. Moreover, the shell temperature almost reaches the liquid temperature. 
Thus, the temperature changes occur in wider ranges. The extra required energy (heat) 
increases by about 23%. Table 8.7 and Figure 8.5 show a comparison between the four 
discussed designs in this chapter. 
Table 8.7: Comparison between four new shell designs for the MHE. 
Type of Shell Design 








Ceramic Layer Inside Shell Decrease Decrease Increase Increase 
Rubber Liner inside Shell Decrease Decrease Increase Increase 
Double Layer Shell with Ceramic 
Powder 
Decrease Decrease Increase Increase 
Fluid Flowing through Double Layer 
Shell 




Figure 8.5: Comparison between strength of each design to improve the MHE energy efficiency 
(Design 1: application of ceramic layer; Design 2: application of rubber layer inside shell; Design 3: 
double layer shell filled with ceramic powder; Design 4: double layer shell with liquid flowing 
through gap). 
8.5 Application of Multiple Heat Exchangers and Modified 
Transmission System 
One of the problems of the present prototype is the dramatic reduction of the 
engine power output during the operational cycles. At the beginning of the operational 
mode, the power output has high values. When the actuator operates continuously, air 
mass transfers from the high to the low pressure side. As the pressure differential 
between the shells decreases, the torque output from the piston reduces. Consequently, 
the net power output from the engine decreases. The power drop continues, until the 































flywheel is not sufficient to steadily move the flywheel between cycles, energy from the 
first strokes of the next operational cycle is spent to accelerate the flywheel. 
 
Figure 8.6: CAD drawing of the MHE with eight heat exchangers. 
Application of multiple pairs of heat exchangers reduces the pressure drop impact 
on the power output and decreases fluctuations. In this proposed design, four heat 
exchanger pairs are shown to run two pneumatic actuators (see Figure 8.6). This design 
has three advantages compared to the present prototype (two heat exchanger pairs): 
 The maximum power output and the overall power output from the system 
increases; 
 The fluctuation of the power output decreases; and 
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 The amount of heat that can be processed through the system, with the same heat 
exchanger design, increases. 
 In the proposed MHE design, which works with eight heat exchangers, 16 
automated ball valves are considered to connect/disconnect the heat exchangers into/from 
the heat source/sink. This gives flexibility to process heat through the heat engine at 
different flow rates. For instance, if the amount of heat is not sufficient to create the 
aimed pressure differentials between the shells, only three pairs can be simultaneously 
operated. 
 





























Figure 8.8: Photo of upgraded transmission system of the MHE. 
A plot of the power output from the previous transmission system is shown in 
Figure 8.7. It can be observed that during the first 12 seconds, the piston power output is 
spent on the flywheel acceleration. A significant power drop between 32 - 64 seconds is 
also noticeable in this plot. This graph indicates that if the piston torque during the first 
12 seconds of operation is not spent on acceleration, the energy output from the generator 
can be increased by 1.1 kJ. Additionally, approximately 0.72 kJ can be added by 
increasing the flywheel weight. Based on the performed calculations (see Chapter 5), a 
new transmission system with a new flywheel was built. Instead of chains and belts, 
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bevel gears and shafts are used in the new transmission system. In order to observe the 
effect of using multiple heat exchangers, the second heat exchanger pair started operation 
when the power output from the first pair was about 90 W. The power output from the 
generator indicates that the energy output from the upgraded transmission is 
approximately 42% higher than the previous transmission system.  
The minimum mechanical and electrical energy losses through the old 
transmission system were reported to be 60% of the power input (Saneipoor, 2009; Self, 
2007). The energy loss within the present transmission system is between 37 - 43%. As 
the plot in Figure 8.7 shows, the power produced by the upgraded transmission system is 




Chapter 9: CONCLUSIONS AND RECOMMENDATIONS  
9.1 Conclusions 
This section presents the major accomplishments and findings of this research 
work. All the defined objectives for this PhD thesis were achieved during the study. 
Some of the outcomes could be used in other research areas or similar industrial fields.  
To perform this study on the MHE, new schematics and detailed connection 
diagrams were prepared. A process of thermodynamic and heat transfer analyses were 
conducted on the heat engine to model and predict system performance and 
characteristics. A specific laboratory was equipped to build a prototype of this heat 
engine. Thermal design of the heat exchangers, some specific dimensions, and space and 
cost limitations were discussed with a manufacturing company to custom-build a new 
type of heat exchanger for the MHE. The MHE prototype was mostly built with 
components and equipment already available on the market. Since the MHE prototype 
was being built for the first time, the process included many challenges. Within this PhD 
research, prototyping of the MHE was successfully completed and the heat engine was 
run and tested under various simulated operational conditions. The present MHE is able 
to operate between 272 - 365
 
K. 
The MHE heat exchangers work under transient conditions. Thus, it is not 
possible to fully apply the conventional methods of NTU and LMTD to predict the fluid 
properties inside theses heat exchangers. A heat transfer model is developed to predict the 
fluid temperatures under transient conditions inside the heat exchangers. This model, 
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which can be used for other configurations of the MHE, is validated against the measured 
data from the prototype. The obtained temperatures and pressures from the model and 
experiment demonstrate a maximum difference of 28%. This research includes a study of 
the effect of changes in ambient conditions on the power output and efficiency of the 
system are studied. The process also includes a study of variations of exergy and energy 
efficiencies at different initial pressures of the compressed air. 
Environmental analysis is performed on the MHE through a specific case study to 
compare the MHE with other existing technologies. Results show that the overall CO2 
emitted from this heat engine, considering manufacturing and OM processes, is 
compatible with other renewable energy systems. It is shown that in some cases and 
regions, the MHE used to produce electricity emits a lower amount of CO2 to the 
environment. The estimated value is 52 g/kWh. 
Exergoeconomic analysis is performed on the overall system and individual 
components of the MHE. The price of the power produced from an MHE with 90 kW 
production capacity is estimated to be 0.23 $/kWh. The results are used to distinguish 
components that have the highest effect on the cost of the MHE. These components are 
the selected targets for optimization and system improvements. The performed 
exergoeconomic analysis on the MHE shows that more than 60% of the overall cost of 
the MHE (CI and OM) belongs to the heat exchangers. Furthermore, due to the cyclic 
operation of the heat exchangers, a significant amount of energy is lost within the heat 
exchangers. A double-objective optimization is performed to optimize the MHE heat 
exchangers (tube bundle area and cost) to build a cost effective heat exchanger with 
respect to the effective heat transfer area.  
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In this thesis, four new shell designs have been discussed for the purpose of 
increasing the power output from the MHE. This new designs introduce up to 25% 
increase in efficiency and power output from the MHE. Additionally, two sources of loss 
in the transmission system are distinguished and a new design is discussed to reduce the 
losses. A new transmission system for the MHE prototype designed and built to show 
how this new design can affect the power output from the heat engine. 
The MHE can be used as a heat recovery system to generate electricity. This heat 
engine is appropriate when high amounts of heat at a low temperature are available. The 
generated electricity can be used in the facility producing waste heat or communities 
located close to such a site. The engine works at low temperatures and uses benign fluids, 
reducing the cost of manufacturing and maintenance of the system. As presented in this 
thesis, the design, analysis and optimization of the MHE for waste heat recovery have 
allowed several main conclusions to be drawn. 
 A prototype of the MHE is designed and built, which can be oprated between a 
temperature range of 272 - 365
 
K; 
 A transient heat transfer model is developed to predict the compressed air 
temperature during the charging and discharging modes with more than 70% 
agreement with the experimental results; 
 Life cycle analysis performed on the MHE show that the overall CO2 emitted 




 Results from the exergoeconomic analysis shows the price of the power produced 
from an MHE with 90 kW production capacity is 0.23 $/kWh and the maximum 
overall exergoeconomic factor is 0.45; and 
 New shell designs introduce up to 25% improvement in the efficiency and power 
output from the MHE. 
9.2 Recommendations for Future Research 
This thesis recommends future focus on improving and assessing the MHE design. These 
recommendations assist with understanding of the energy losses, improvement of the 
efficiency and reduction of the product costs. Additionally, they can help to build new units 
with low down time and mechanical failures. The principle suggestions for future research 
are presented below. 
 Find a new alternative component for the piston assembly to produce the 
mechanical work with lower fluctuations; 
 Apply future study methods to extract steady electric power output from the heat 
engine and connect it to the main grid; 
 Design and build a transmission prototype that can absorb energy from multiple 
heat exchanger pairs; 
 Design and build a new transmission system that generates mechanical work 
output to run components such as pumps or compressors (without conversion of 
mechanical power to electricity and vice-versa); and 
 Find and discuss new alternative feasible designs and methods to decrease the risk 
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